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El organismo elegido para realizar este trab ajo 
ha sido la leva dur a de fisió n Schizosaccharomyces 
pombe. Esta leva dur a fue descr ita por prime r a vez por 
P. Lindn er en 1893 y su nomb r e prov ien e de la palabra 
Swah ili “pombe” que signifi ca cerveza, de donde fue 
aislada.  
En las últimas décadas S. pombe se ha 
conv er tid o en un organ is mo de refer en cia para el 
análisis genético por su facilida d de crecimie n t o , su 
estilo de vida haploid e y su accesib i l i d a d para el 
análisis molec u lar. Además , posee una característica 
que hace a esta levadu ra ideal para el estud io del 
contr o l de la polar id ad , y es que su forma , tamañ o y 
modo de divisió n son extr ema d a me n te rep rod u c ib les 
(Ch an g, 2001 ). 
 
Desde el año 2002 el genoma de esta levad ura 
está totalmen t e secu en ciad o (Wood et al., 200 2) y el 
acceso público a esta información ha facilitado 
enorme mente el trabaj o co n este org an ismo (http ://
w ww .g en e db .or g /g e n edb /po mb e /in d ex .j sp ). 
 
S. pombe pertene c e a los ascomic e t o s al igual 
que Saccharomyces cerevisiae, sin emba rgo las 
difer en c ias entr e estas dos levadur a s son impor tan te s . 
S. pombe tiene una forma cilín d r ica ( Figura 1 ) y se 
divid e por fisió n tran sv er s a l, fren te a S. cerevisiae que 
presen ta forma elíptica y se reproduce por gemación. 
La frecu en cia de gen es por unid ad de long itu d de DNA 
es mayor en S. pombe y tamb ién lo son las reg ion es 
que prec ed e n a los gene s , lo que podr ía indic ar una 
mayo r reg ión de con tro l (Yanag id a, 200 2) .  
Si comp ar a mo s su secuen c i a genómic a , las dos 
lev adu r as parecen hab er se sep ar ado hace uno s 330 -420 
millo n e s de años, y de los meta z o o s y plan tas hace 
unos 100 0- 20 00 millo n e s de años . Como la 
divergen c i a parece ser más rápida en los hongos, estas 
leva du r a s son prob a b lemen te tan diverg e n tes entr e sí, 
como lo pueden ser cada una de ellas con resp ecto a 
los eucario tas sup erior es (Yanagida, 2002). 
 
1 . Ciclo de vida de S. pombe  
 
1 .1 . Ciclo vegetativo 
E n el ciclo biológ ico de S. pombe la fase 
haplo id e es la que predo min a . Las célu la s de S. pombe 
presen tan una forma cilíndrica con extremos 
redondeados, que al nacer tienen un tamaño 
aprox imad o de 3-4 μm de diáme tr o y 7-8 μm de 
longitud. Durante el crecimi e n to , las célu las man tien en 
un diáme tr o cons tan te y aumen ta n en long itu d hasta 
alcanzar 12-15 μm, que es el tamañ o neces a r io para 
forma r el tabiqu e o septo, que divid e a la célu la madr e 
en dos célu la s hija s del mismo tamañ o .  
Las cepas de S. pombe utilizad as en el 
lab orato rio son hetero tálicas, a diferen cia de las 
aisladas de la naturaleza, que son homo tálicas y se 
deno min a n h 90  porqu e forma n apro x imad a men te un 
90% de esporas en cultiv o puro (Leup o ld , 1950 ). Las 
cepa s del labora to r io, por tanto , se pued en mante n er de 
forma continu a en estado haplo id e .  
 
En la natu raleza, es bastante frecuen te que S. 
pombe se desar ro lle en me dio s dond e los nutr ien te s 
escasean. En este caso, las células pier den su aspecto 
leva du r ifor me y pasan a forma r pseudo h if a s en las que 
las diferen t e s células hijas permane c e n unidas unas a 
otras . La forma c ió n de pseudoh if a s permite a las 
células buscar nutrientes de una forma más eficaz. 
 
1 .2. Ciclo sexual 
L a s célula s haplo id es de S. pombe presen tan 
dos tipo s sexu ale s difer e n te s : h +  y h -  (Leupo ld , 1950) .  
Cuando células de tipos sexu a le s difer en tes se 
encu en tr an en un med io desf av or ab le, sobr e todo pob r e 
en nitrógen o, comienzan  a secr et a r feromo n a s 
características de su tipo sexu al y a producir recepto res 
para la hormo n a del tipo sexu a l comp le men ta r io. La 
unión de las feromo n a s a sus recep to r e s desen c a d en a el 
proceso de conjugación. Éste empieza con la 
formació n de una proyecci ó n denomina d a “ schmoo ” en 
un extremo de la célula, hacia la fuente de feromonas 
del tip o sexu al comp lemen tario ( Figura 2 ). A 
continuación, las células se unen por parejas y 
fina lme n te se fusio n an forma n do un zigo to diplo id e 
(Egel , 1994 ) . Los zigo to s así formad o s pueden ser 
mante n id os como célu la s diplo id es si se reino c u lan 
inmediata mente en un medio rico . Estas células 
diplo id e s prese n tan un ta mañ o mayo r que las 
haplo id e s, siend o de 11-14 μm de long itud al forma r s e 
y de 20-2 5 μm antes de la divis ió n.  
Las célu la s diplo id es de S. pombe son muy 
inestables y en medios pobres suelen sufrir 
inmed iata men te me io sis, qu e conduce a la formación 
de cuatro núcle o s haplo id es . Alred e do r de los núcle o s 
Figura 1:  Morfología de S. pombe al microscopio 
electrónico de barrido. 
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se sintetiz a n unas capas protecto r a s de naturale z a 
simil a r a las de la pared celul a r , forma n d o cuatr o 
estructuras individuales denominadas asco sp oras, que 
a su vez qued an englo b ad a s dentro de un asca.  
Finalmen te, la pared del asca se romp e y lib era 
las esporas haploid e s que pe rmanecen durmientes hasta 
que encu en tran cond icione s favorables, entonces 
germinan formando células ve g etativ as y rein ician do el 
ciclo ( Figura 2 ). 
 
2 . Morfog én e s i s y Control de la Polarid ad 
 
2.1. Ciclo celular y ci clo morfogenético en S. 
pombe 
L a levad ur a de fisión S. pombe se ha conv er tido 
en un sistema genético excelente para el estudio de la 
morfo g én e s is celu la r . Este organ is mo prese n ta célu la s 
cilíndr i c a s simp les , que crecen por los polos y se 
divid en media n te fisión tran sv e r s a l. 
El ciclo celular de S. pombe se caracteriza por 
presen tar una fase G2 muy amplia que abar ca 
aproximada me nte el 70% del ciclo ( Figura 3 ). Cuand o 
la célula ha duplic a do su mater ia l gené tico y ha 
alcanzado un tamaño mínimo determinado, sufre 
mito s is y sus núcleo s se separ an . En este mo men to 
comienza a formarse el septo de divis ión , mien tr a s las 
células, aún unidas, entran en una fase G1 muy corta; 
poster ior men te vuelv en a duplic a r su mater i a l gené tico 
(fase S) coin cidiendo con la septa c ión , de forma que 
las dos células hijas recién separ ad a s emerg en en la 
fase G2 de su ciclo celu la r (Cha ng and Verde , 200 4) .   
Las células de S. pombe sufren tres tran sicion es 
morf o lóg ic a s impo r tan te s duran te su ciclo de vida 
vege tativo ( Figura 3 ) :  
Crecimiento monopolar : tras la cito qu in esis, en 
el mo men to deno min a d o OETO ( Old End Take Off), 
las dos célu las hij as idén ticas en tamañ o inician un 
crecimiento polarizado, alar g ándo se sólo por el polo 
que ya existía en la célu la madr e (“po lo antig uo ”) . Este 
patró n de crec imie n to se mant ien e duran te los prime r o s 
mo men to s de la fase G2. 
Crecimie n t o bipolar : tamb ié n llamad o NETO 
( New End Take Off ), en este mo men to se produ c e una 
tran sición desd e el crecimien to mon opolar a un 
crecimiento bipolar , y el polo  creado en la div isión 
anterior (“polo nuevo”) tamb ién comienza a alargarse 
(Mitch is on and Nurs e, 1985 ).  
Separació n celular : fin almen te, cuan do la célu la 
alcanza su tamaño máximo , cesa el alarga miento por 
los polo s y se produ c e la forma c ió n de un septo de 
divis ión centr al y la poster io r separ a c ión de las célu la s 
hija s. 
 
2.2. Regulación de la polaridad celular por 
microtúbulos  
L o s  m i c r o t ú b u l o s  s o n  c i l i n d r o s  d e 
aprox imad a me n te 25 nm comp u es to s por dímer o s de α
/β tub u lin a (Str e ib lo v a, 1980) . Norma l men te se 
polime r iz a n desd e un Centr o Organ iz a do r de 
Micro túb u lo s (MTOC) y tienen un extremo positiv o y 
uno nega tiv o con dife r en te s cara c te r ís tic a s .  
Los micr o tú bulo s inter f á s icos están forma n do 
de 3 a 5 haces que se extien d en a lo larg o del eje 
long itu d in a l de la célula , forma n d o una cesta alre d e dor 
del núcle o (Hag a n, 1998 ; Haga n and Hyams , 1988 ; 
Sawin and Tran, 2006 ) . El extr e mo positiv o del 
micr o tú bu lo se encu en tr a situa d o próx imo al polo y el 
 
Figura 2:  
Ciclo de vida de S. pombe. 
C i c l o vege t a t i v o hapl o i d e 
(señ a l a d o en verd e ) y 
dipl o i d e (señ a l a d o en 
naran j a ) de S. pombe. Las 
célul a s vege t a t i v a s se 
div i d e n por fis i ó n 
tran s v e rs a l dand o luga r a 
dos célu l a s hija s de igua l 
tamañ o . Cua n d o las 
cond i c i o n e s del me di o no 
son ópt i mas S. pombe 
camb i a a un cicl o sexu a l en 
el que se prod u c e la 
for ma c i ó n de un zig o t o 
dip l o i d e que pos t eri o r men t e 
sufr i r á meio s i s y 
espo ru l a c i ó n , dand o luga r a 
4 asco s p o ra s hap lo i d e s que 
qued a n incl u i d a s en el 
inte ri o r de un asca . 
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negativo hacia la zona media de la célula . 
Norma l men te cada haz de micr o tú bu lo s indiv idu a l 
crece hasta el polo celular y una vez que lo alcanza, se 
produ c e un desen s a mb l a j e que lo hace retroced e r hacia 
la zona media , volvi e n d o a crecer después hacia el polo 
de nuev o (Dru mmo n d and Cros s, 2000 ; Tran et al., 
2001 ). 
Otra carac ter ístic a de los micro tú bu lo s es que 
normal m e n t e sólo se retraen después de alcanz a r el 
polo celu lar y no lo hacen cuan do alcan z an los lado s de 
la célula (Brun n er and Nurse , 200 0) . Esta diná mic a 
podr ía deter mi n a r la posic ió n del núcle o, produ c iendo 
fuer zas de empuje frecuent es y transito r i as desd e los 
polos celulares sobre el núcleo. Este sería un 
mecanis mo simp le para explicar cómo las células 
sienten la posición de sus polos y centr an el núcleo 
entre ellos (Tran et al., 2001). 
  
 En S. pombe s e han encon tr ad o numer o s os 
mutantes con un eje longitudinal alterado, ésto s se 
agrupan en dos clases principalmente: mutantes que 
forma n esfe r as porqu e no  son capaces de organizar 
zonas de crecimiento polarizado y mutantes con forma 
de T, porq u e no pued en mante n e r las zona s de 
crecimie n to en los dos polos opues to s de la célula . 
 El estu d io de algun os de estos mutan te s ha sido 
muy útil para la iden tificación de proteínas de 
polar id ad como Tip 1p y Tea1 p, que sirv en para 
recono c e r los polo s y para marc a r las zonas de 
crecimiento activo. En ausencia de Tip1p el retroceso 
de los micr o túb u lo s no se restr in g e a los polo s de la 
célula , sino que ocurr e en cualq u ie r región del córte x, 
por lo tanto Tip1p es necesaria para regular la 
diná mic a de micr o tú bu los y disc r imin a r entre 
dife r en te s regio n es del córte x celu la r (Bru nn er and 
Nurse, 200 0) .  
 Tea1p es consider ado un marcador de la 
geometrí a celular. Esta proteína viaja hacia los polos 
celulares en los extremos positivos de los microtúbulos 
y se localiza en ambos polos, incluso cuando las 
células crecen sólo por uno de ellos ( Figura 4 ) (Mata 
and Nurse, 1997). En los mutantes tea1Δ, los 
micr o tú bu lo s no retro c e de n  al alcanzar el polo y a 
veces se curvan en este punto, por lo que Tea1p 
ta mb ién influ ye en la hab ilid ad de los micro tú bu lo s 
para reconocer el polo y dejar de crecer (Mata and 
Nurse, 199 7) .  
 Los micr o tú b u lo s son impo r tan te s como 
señaliz a do r e s o marca dor e s de los punto s de 
crecimiento. Durante la activación del crecimiento 
bipo lar (NETO ) , los extr emo s de los micr o tú bu lo s 
conta c tan con el polo y depo s itan a Tea1p junto con 
Tea4p , que se unen a la formin a For3 p y a otras 
proteínas, y promueven la nucleación de los cables y 
parch e s de actin a en el polo nuevo (ver Apar tado 2.4). 
Sin embar go , una vez elegido s esto s lugar es , los MTs 
no son esenc ia le s para el mante n i mie n to de la 
polar id ad o para la correct a localiz a c i ó n de los parches 
de actin a (Pelha m and Chan g, 2001 ; Saw in and Nurse, 
1998 ). Se ha observ a do , que mutan te s que presen tan 
defec to s en la organ i z a c i ó n de los micro tú b u l o s 
Figura 3:  
Ciclo morfogenético y ciclo 
celular de S. pombe. La fase G1 
del ciclo celul a r de S. pombe es 
mu y cort a y tien e luga r cuan d o 
las célu l a s hija s aún no se han 
sepa rad o , al igua l que la fase S, 
que coi n c i d e apro x i mad a men t e 
con el mo me n t o de la 
sepa ra c i ó n . A lo larg o del cicl o 
celu l a r se p rod u c e una 
reor g a n i z a c i ó n del cito e s q u e l e t o 
de acti n a y micr o t ú b u lo s . Los 
parch e s de actin a se local i z a n en 
los polos en creci mi e n t o dura n t e 
la inter f a s e y en la regió n del 
sept o dura n t e la divi s i ó n celu l a r, 
junt o con el anil l o de 
acto mi o s i n a . Los MTs forma n 
haces que se distr i b u y e n a lo 
largo de la célul a en inter f a s e . 
Dura n t e la mito s i s se forma el 
huso mitó t i c o para la 
segre g a c i ó n cromo s ó mi c a y 
post e ri o r men t e el huso se 
des e n s a mb l a par a for ma r el 
“ post anafase array” duran t e la 
forma c i ó n del sep t o y la 
contr a c c i ó n del anill o . 
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todavía muestran un crecimi e n to polar iz ad o, aunqu e 
presen tan células curvad as o ramificadas, o con 
crecimiento monopolar (Saw in and Nurse, 1998) . 
  
2.3. Regulación de la polaridad celular por 
actina 
 La localización del citoesqueleto de actina se 
correlac i o n a con los lugares de crecimie n t o celular 
polar iz a do : septo y polos . 
Los filamen to s de actin a se organ iz an en tres 
estr u c tur a s difer e n te s dentro de la célula : parch e s de 
actin a, cab les de actin a y anillo s con tráctiles de 
actomio s in a . 
Duran te la interfase, los parch es de actin a se 
con cen tran en los sitio s de crecimien to celu lar. Los 
cab les corren a lo largo del eje lon g itud in al de la célu la 
y normalmente acaban en los polos. En mitosis, la 
actin a se reo rgan iza en un anillo cen tral de acto mio s in a 
que se con trae duran te la cito qu in esis. En este 
mo men to , los parch e s y los cable s se concen tr an en la 
zona media y permanec e n allí duran te la formació n del 
septo de divis ió n ; revis a do en (Chang and Verd e , 
2004 ; Pollar d, 2008 ).  
 
 Los parches  de actin a se han usado 
hab itu almen te como marcad ores de los sitio s de 
crecimien to activ o de la célu la, y se asu me que 
funcionan en el crecimiento polarizado y en 
endocitosis, pero su función real es todavía 
desco no c id a. Los parch e s de actin a contien e n prote ín a s 
relac io n ad a s con la organ iz ac ió n de la actin a , como los 
comp o n en te s del comp lejo Arp2 /3 y parec e n ser los 
sitios primarios de nucleación de actina en la célula en 
interfase (McCo llu m et al., 1996 ; Nolen and Pollard , 
2008 ). 
 
 Se cree que los cables  de actina que se 
p r o y e c t a n d e l o s p o l o s c e l u l a r e s p a r t i c i p a n 
directamente en el crecimien t o polar i z ad o . Una de sus 
func ion e s es dirig ir junto con las mios in a s de tipo V, 
los movimien t o s de las vesícula s secr etor a s que 
proporcionan me mb ranas y comp onen tes necesarios 
para la sínte s is de la pared celula r en los polo s de 
crecimien to (Mo teg i et al., 2001 ; Mulv ih ill et al., 
2006 ). 
Pero , ¿Cómo se forma n los cable s de actin a? Se 
sabe que la formin a For3p y la prote ín a de unió n a 
actina, tropomiosina (Cdc8p ) , son necesar ias para el 
ensamb laje de estos cables (Feierbach and Chang, 
2001 ; Martin and Chang , 2006) . La tropo mio s in a es 
una prote ín a que estab iliz a los filamen to s de actin a e 
influye en la interacción de la actina con las miosinas 
(Balasub r aman ian et al., 1992; Skou mp la et al., 200 7) . 
En un mutan te for3Δ, no existen cable s de actin a , pero 
las células aún mantienen cierto grado de crecimiento 
polar iz a d o y son viab les , au nque crecen lentamente y 
much a s de forma monop o lar. Por lo tanto , aunqu e los 
cables de actina no sean esenciales para el crecimiento 
polar iz a do , debe n func io n ar loca liz a n do o recic la n do 
Figura 4: Modelo molecular de la transición de crecimiento monopolar a bipolar . Fig u ra ada p t a d a de (M a rt i n and Cha n g , 2005 ).  
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otros factores de crecimie n t o en el extremo celula r ; 
revis ad o en (Cha ng and Verde , 200 4) . 
 
Duran te la mito sis te mp ran a la actin a se 
ensamb la en el centro de la célu la forman do un anillo 
de actin a y mio sin a. En mito sis tard ía, este anillo 
marca el sitio de formació n del sep to de pared celu lar, 
y se contrae cercano a la memb rana y guian do el 
proc e so de septa c ió n (Chang et al., 1996 ; Mark s and 
Hyams, 1985; Wu et al., 2003). 
 
Existe una estr echa relación funcional entre el 
citoesqueleto de actina y el crecimiento polar izado, una 
de cuyas últimas con secu en cias es la sín tesis de la 
pared celu la r . Por ejemp lo , en los expe ri men to s de 
regeneración de protoplastos (células esféricas a las 
que se ha elimin a d o la pared) se ha visto que la 
forma c ió n de nuevo mater ia l de pared depe nd e del 
cito esqu eleto de actin a (Osu mi et al., 1989 ) . 
Otro s facto r e s que actú an en polar id ad , son las 
GTPa s a s de la fami lia Rho. Éstas regu lan tanto la 
polimer i z a c i ó n de la actina como su organiz a c i ó n en 
todo s los org anis mo s estud iado s (Jaf f e and Hall, 200 5). 
En S. pombe, al men o s tres GTPasas de esta fami lia se 
han relacionado con el control de la polimerización y 
la localización del citoesquele to de actina, son Cdc42p, 
Rho1p y Rho3p (este tema se abord a r á con mayo r 
profun d id a d en el Apar tad o 4.4). 
 
2.4. Establecimiento de NETO  
L a s célula s de la levadur a de fisión despu é s de 
la citoq u in e s is, adqu ier e n un patr ón de crecimie n to 
mon o po la r única me n te por el polo preex isten te . A 
continuación, estas células mu estran un ca mb io en el 
crecimi e n t o polariz a d o conocid o como New End Take 
Off (NETO), en el que activan el crecimie n t o del polo 
nuevo e inician un crec imie n to bipo la r (Mitch is on and 
Nurse, 198 5) .  
A partir del estu d io de muta n te s que pres en tan 
crecimiento monopolar  se han iden tif ic a d o nume r o so s 
genes con funcion e s en NETO, esto s facto r e s se 
pueden englo ba r en tres grand e s categ or ías : 
-Pro teín a s quina s a s : con stitu ye el grupo más 
grand e y en él se encu en tr an Kin1p , Pom1 p, Orb2p , 
Orb 6p y Ssp 1p (Bäh ler and Pring le, 1998 ; Drew es and 
Nurse, 2003 ; Rup es et al., 1999 ; Saw in , 199 9; Verd e et 
al, 1998) . 
-Pro teín a s de unión a actin a : Bud6p , Sla2p y 
For3p (Castagn etti et al., 200 5 ;  Feierb a ch and Chang, 
2001 ; Feierb ach et al., 200 4 ; Glyn n et al., 2001) . 
-Pro teín as que con tien en múlt ip les domin io s de 
interacción proteína-proteína : Tea1p, Tea3p y Tea4p, 
que pued en actu a r como prote ín a s de ancla j e para la 
formació n de comp lej o s multip ro teico s (Martin and 
Chang , 2005 ) y  el factor de ADP-ribosilación Arf6
( F uj ita, 2008 ).  
 
Gran parte del trab aj o realizad o en NETO se ha 
centr ad o en el estu d io de la prote ín a Tea1p ( Figura 4 ). 
Esta pro teín a se localiza en los extremo s positiv o s de 
los MTs y va acomp a ñ ad a de otras prote ín a s +TIP 
como Tip1 p y Tea2p , que se encarg an de que su 
localización sea correcta (B rownin g et al., 2000; 
Brun n er and Nur s e, 2000 ). 
Una vez en el polo, Tea1p es depo s itad a allí 
cuando el MT comienza a retraerse y se ancla al 
extremo celular gracias a su asociaci ó n con Mod5p 
(Snaith and Sawin , 200 3) . 
Tea4p es otra prote ín a que se une directamente 
a Tea1p y que funcion a como puen te de unión entr e 
esta prote ín a y la formin a For3p , y que ademá s podr ía 
funcion a r de algun a maner a activ a n do a la formin a . 
Estas tres proteínas se asocian entre sí y probablemente 
con otras, forman d o un gran comp lejo multip ro teico 
deno min a d o “polar is o ma ” , que pod r ía coord in ar 
muchos aspectos necesar i o s para el crecimie n t o 
polarizado , como el ensa mb laj e de la actin a y la 
localización de la secreción (Martin and Chang, 2005; 
Martin et al., 2005).  
Parece probable que uno de los pasos clave para 
que se desen ca d e n e NETO sea el reclu tamien to de 
For3p en el polo nuev o (Mar tin et al., 2005) . La 
func ión de las formin a s es nucle a r y alarg a r fila men to s 
lin eales de actin a, y su activ id ad necesita una 
regulación cuidadosa in vivo para gener a r la estr u c tu r a 
de actin a correcta, en el sitio y tie mp o adecu ado s. Se 
ha propue s to la autoin h i b i ción como un mecanis mo 
para con tro lar la activ id ad de la formin a en much os 
organismos. Este mecanis mo consiste en la interacción 
de un motiv o de auto rr e gu lació n C-ter min a l, lla mad o 
DAD, con un domin io de inhib ic ión en la región N-
termin al, denomin ad o DID (Martin et al., 2007 ). La 
autoinhibición de muchas forminas es regulad a por 
pequ eñ a s GTPa s a s , por ejemp lo , en S. cerevisiae 
Rho3p y Rho4 p regu lan a la formin a Bni1 p (Dong , 
2003 ). 
En S. pombe, recient e men t e se ha encontr a d o un 
mecanis mo de autoinhibi c ió n de For3p por unión 
intr a mo le c u lar . Se ha visto que tanto la GTPas a 
Cdc42p como la  prote ín a Bud6p , son neces a r ia s para 
eli min ar esta auto inh ib ició n y con seg u ir que la formin a 
se localice correctamente en  los polos celu lares. La 
prev en c ión de la auto inh ib ic ió n de For3p , es capa z de 
suprimi r el defecto en el establecimiento del 
crecimiento bipolar de la cepa que carece de Bud6p 
(Martin et al., 2007).   
 
Otra prote ín a relac io n ad a con NETO es Sla2 p, 
homó lo g a a las huntingtin interacting proteins en 
humano s, Hip1 y Hip1R, y necesar i a para recluta r la 
actina y la maq u inar i a de crecimie n t o en el polo nuevo. 
Esta pro teín a podr ía repr esen tar una unión entr e NETO 
y los parch e s de actin a , más relac io n ad o s con el 
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proceso de secreción (Castagn etti et al., 2005 ; Iwak i et 
al., 200 3) . 
 
 Durante las transici o n es morfológ ic a s 
comentad a s hasta ahora, es esencial el mantenimi e n t o 
de la integrid ad celular . Esto requiere que la secreción 
y el crecimi ento polarizados estén perfectamente 
coord in ad o s con la bios ín tes is de la pared celu la r y que 
exista una estr icta regu la c ió n de las rutas de biosín tes is 
y degrad a c ión de los polí mer o s que la forma n ; 
revis ad o en (Dur án and Pér ez, 2004; Fischer et al., 
2008 ; Latg é, 2007 ; Lessag e and Bussey, 2006 ; Lev in, 
2005 ; Moseley and Good e, 2006 ; Pru yn e and 
Bretsch er, 2000 ). 
 
3 . Pared Celular 
 
L a pare d celula r es una estr u c tu r a rígid a que 
proporciona a la célula un a protección mecánica y  
resistencia ante la presión osmó tica interna. Sin 
emba r go , tamb ién es una estr u c tur a dinámic a que se 
adap ta a los camb io s morfo lóg ico s que ocurr e n duran te 
el ciclo de vida de la levad ur a . Todo s estos camb io s 
exig en una remod e la c ió n de la pared celula r y se 
correla c i o n a n con cambios en el citoesq u e l e t o de 
actina; revisado en (Durán and Pérez, 2004). 
 
3 .1 . Composición y síntesis de la pared de la 
espora 
L a formació n de las asco sp or a s es un proceso 
morf o g en é tico que supo n e camb io s muy drástico s para 
la célu la . Los núcleo s forma d o s tras la meio s is deben 
empa q u e tar s e , junto con algun o s orgán u lo s y parte del 
cito so l. La etap a fin al del emp aqu etamien to consiste en 
la sínte s is de una pared celu lar alre d edo r de cada 
espora. Esta pared celular les proporciona resistencia a 
ciertas condiciones ambientales de estrés, a las que las 
célu las veg etativ as son sen sibles. 
El primer paso en el desarro llo de las 
ascosp oras es la formación de las proesporas, que son 
los precursores de las ascosporas. Al prin cipio, la 
me mb r a n a de la proes por a se localiz a en la región 
dond e se encu en tr an los cuerpo s polar es del huso , 
forma n d o una estr u c tur a en forma de cazo . Despu é s, 
esta doble me mb rana sigue creciendo englobando poco 
a poco al núcleo hasta que la proesp or a esté comp leta. 
En el lumen de esta me mb r a n a , es dónd e se produ c e la 
acumu la c ió n de la pared celu la r que dará lugar a las 
ascosp oras maduras  ( Figura 5 ) (Sh imo d a, 200 4 ; 
Tanak a and Hira ta, 1982 ) .  
La memb r a n a que qued a en el inter ior será la 
me mb r a n a de la ascospo r a, pero aún no está claro el 
destino de la memb r a n a extern a , que parec e perd e rs e . 
La compo s ición de la pared de la asco s pora de 
S. pombe apena s se cono c e, pero debe ser dife r en te a la 
de la pared de las célula s vegetativ a s , puesto que está 
diseñ ad a para resis tir condic io n e s ambie ntales a las 
que las célu las veg etativ as son sensib les. Vista al 
micr o s c op io elec tr ó n ico ( Figura 6 ) , la pared de las 
espor a s de S. pombe consta de una capa inter na 
transp a r en t e a los electro n e s y una capa externa densa 
a los electrones (Johnson et  al., 1982; Yoo et al., 
1973). Durante la germina c i ó n , la capa externa se 
romp e y la intern a se exp a n d e y se conv ier te en la 
pared celular de la espora germinada. Esto hace pensar 
que la comp o sició n de la capa intern a podría ser muy 
similar a la de la pared de las célu la s vege tativ a s ( α y 
β -glucanos), mientras la ex terna podría ser específica 
de la espora . 
 Gracias a estudio s realiza d o s en nuestro 
labor a to r io , sabe mo s que la pared de las asco sp or a s de 
S. pombe prese n ta al menos dos tipos de α- g lu cano, 
uno mayo r itar io forma d o prin c ip a lme n te por gluco s a s 
unidas por el enlaces α(1 ,3 ) y un segun do tip o de 
Figura 5: Proceso de esporulación en S. pombe. Dura n t e la 
me iosi s II co mi en z a n a ensa mb l a r s e las me mb ra n a s de la 
proe s p o ra , hast a que poco a poco engl o b a n cada uno de los 
núcl e o s . En el espa c i o lu min a r de esta s me mb ran as se 
acu mu l a el mat er i a l de pared celul a r , que const i t u i r á la pared 
de la espo ra .  
Figura 6: Apariencia de la pared de la espora en S. 
pombe. Foto g ra f ía al micro s c o p i o elec t ró n i c o de barrid o 
(izq u i e rd a ) y de tran s mi s i ó n (dere c h a ), de espo ra s de S. 
pombe (Na k a mu ra et al. , 200 4 ).  
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natural e z a amiloi d e a , forma d o por enlaces α( 1 ,4 ) 
(Gar cía et al., 2006). Además, tamb ién present a β -
g lu c an o, pero no se sabe si se trata de β - g lu c an o 
ramificado o lineal (Martín et al., 2000) y muy 
prob a b lemen te quito s án (Are llan o et al., 2000 ). 
 
Aunqu e los dato s sobr e la comp o s ició n químic a 
de la pared de las ascosp or a s de S. pombe s o n escaso s , 
sí se han encontr a do posib les enzimas bios intétic a s que 
actú a n a lo largo de este proc eso : 
- chs1+ ( chitin synthase) fue clon ado por su 
simil itu d con los genes respon s ab le s de la sínte s is de 
quitin a en S. cerevisiae. Chs1 p se ha iden tif ic a do como 
la quitín sin tasa respo n sable de la sín tesis de un 
comp u esto similar a la quitina duran te la esp oru lació n 
(Arellan o et al., 200 0) .  
- bgs2+ ( β-glucan synthase) es la únic a β- g lu c án 
sintasa esencial durante el proc e s o de esporula c ió n y es 
respon s ab le de la mayo r parte de la activ ida d gluc án 
sintasa durante este proceso (Martín et al., 2000) (ver 
Apar tado 3.3 .2. ) . 
- gas4+ ( glycolipid anchored surface protein) 
codif ic a  una β(1,3)-g lu cano s iltrasferasa necesaria para 
la mad u r ación de la pared de la espo r a. Esta pro teín a 
transf iere oligosacárid os de 6-7 glucosas desd e el 
extr e mo no redu c to r de una molé c u la de β -g lu can o 
lin e a l donad ora a otra recepto r a , promo v ien do así el 
alargamie n t o de las ramific a c i o n e s de este polímer o 
(Med in a- Redon do et al., 2008 ).    
- mok12+ ( morphological and kinase inhibitor 
supersensitive) e s uno de los genes , junto con mok13+, 
respon s ab le de la biosín tes is del α(1 ,3 )- g lucan o de la 
pared de las ascosp oras. Ade más, es esencial para la 
viab ilid ad de éstas (García et al., 200 6). 
 - mok13+ es necesar io para el correcto 
ensamb laj e de la pared de la espo ra. El mutan te   
mok13Δ presen ta unas esporas viables, aunque mucho 
más sensibles a diferentes estreses que las silvestres. 
Las espor a s de este mutan te , al igual que las de mok12
Δ presen tan unos nive les de α-g lu c an o muy bajos
(Gar cía et al., 2006). 
 - mok14+ es respo n s ab le de la sínte s is de un 
polímero de naturale z a amiloide a específi c o de 
esporulación y compuesto mayo ritariamen te por 
enlaces α(1, 4) . Este políme r o y la prote ín a Mok1 4p se 
distr ibu yen entr e la envu elta de la asco spora y la del 
asca, y es respo n sa b le del colo r pardu s co de las espo r a s 
de S. pombe en presen cia de vapores de iodo (Gar cía et 
al., 200 6) . 
 
 Curiosamente, en las células vegetativas el β -
g lu c an o es más abund an te que el α-g lu can o (55 % 
frente a 28%), mientras que en las esporas esta relación 
se invierte (38% frente a un 46%) (Gar cía et al., 2006). 
Este dato se corresp ond e con el número de GS 
desc r itas en ambo s proc e so s, hay 3 β GS que actú an 
duran te el crec i mie n to vege tativ o y sólo una duran te la 
esporulación, mientras que hay 4 α- g l u c án sintasas en 
espo ru lació n (Mo k1 1p , Mok1 2p , Mok 13p y Mok1 4p) 
y sólo una en crecimie n to veg etativo (Mo k1p) 
(Katayama et al., 1999). 
 
3 .2. Composición de la pared celular en 
células vegetativas 
Cu ando se obser v a la pared celu lar de S. pombe 
con microscopía electrónica de transmis ión, se puede 
apreciar una estructura trilaminar, formada por dos 
capas densas a los electr on e s separ ad a s por una capa 
meno s dens a ( Figura 7 ). Las capas más externas están 
c o m p u e s t a s  p o r  g l i c o p r o t e í n a s  ( 9 - 1 4 %  d e 
galactomanano) y la capa intern a por carb oh idrato s 
(Osu mi, 1998) .  
 
 
Figura 7:  
Estructura de 
la pared celular 
de S. pombe . La 
pared cons t a de 
tres capas. La 
capa inter me d i a , 
me no s dens a a 
los elect r o n e s , 
está for ma d a por 
α y β g l u c a n o s . 
Las capas más 
exter n a s está n 
for mad as po r 
galac t o ma n a n o .  
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Esta capa de carbohi d r a to s está formada por  β
( 1, 3) -g lu c ano s (48-54 % )  interconectad os en una 
maraña fibr ilar con  α(1,3)-glucanos (18-28%), y con  
u n a pequ eñ a prop or c ión de β (1 ,6 )- g lu cano s (2-4 %).  
( Bu sh et al., 1974 ; Kope ck a et al., 1995 ; Mann er s and 
Meyer , 197 7) . 
 
3 .3 . Biosíntesis de β -glucano 
El β (1 ,3 )-g lu can o es un políme r o forma d o por 
glucos a s unidas por enlace s β (1,3) y es el compuesto 
más abun d an te de la pare d de S. pombe (Mann er s and 
Meyer , 1977) . El β -glucano es el primer polisacárido 
que se depo s ita en la nuev a par e d en forma c i ó n dur an te 
la rege n er a c ión de protop las to s y forma una red de 
micro f ibrillas. En este si ste ma, los pro to p lasto s se 
reg en eran de forma polarizad a y las micro f ib rillas de 
β -glucano apar ecen en un polo, extendiéndose hasta 
cubrir la superficie del protoplasto y restablecer la 
típ ica forma cilín d r ica de S. pombe (Osu mi et al., 
1998 ). En torno a esta red de β- g l u c an o se ensamb l a n 
el α- g l u can o y el galacto ma n a n o . 
Media n te exper imen to s de inmu n o - mic r o s c o p ía 
electrónica, se ha podido av eriguar la localización de 
tres tipos de β -g lu can o distin to s ( Figura 8 ): β( 1, 3) -
glucan o con ramificaciones en β (1 ,6 ), β (1 ,6) -g lu c an o y 
β (1 ,3 )- g lu cano lin eal (Hu mb el et al., 2001 ) . 
El β(1,3)-glucano ramificad o se localiza por 
toda la pared celu lar , en el  sep to primario (cap a intern a 
del septo menos densa a los electr o n e s) y en el septo 
secundar i o (cap a más densa a los electron es situad a a 
ambo s lado s del septo prima r io ) . 
 El β (1 ,6) -g luc a n o se distr ib u ye por toda la 
pared celu lar, situ ándo se más pró x imo a la cap a de 
galactomanano externa; en la región del septo se sitúa 
exclu s iv a me n t e en el septo secun d ar i o . 
 E l β ( 1 , 3 ) - g l u c a n o  l i n e a l s e l o c a l i z a 
exclus iv a me n t e en el sept o primario . Por lo que, 
aparen te men t e no existe colo cali z a c i ó n de estos dos 
últi mo s tipo s de glucan o en la célula (Humb e l et al., 
2001 ). 
Aunq u e acab amo s de desc r ibir distin to s tipos de 
β -g lu can o, sólo se conoce una actividad β( 1, 3) -g l u c án 
si n t a s a (E . C . 2 . 4 . 1 . 3 4 , UD P - g l u c o s a : (1 , 3 ) - β - D -
g lu c a n o - 3 - β - gu c o s i l t r an s f er a s a ) . Est a enz i ma se 
encuen tra asociada a la cara interna de la memb rana 
plasmática y emplea como sustrato UDP-glucosa, 
formando caden as lineales de unos 60-700 residuos de 
gluco s a . Se ha desarro llad o un siste ma in vitro para la 
sínte s is de β -glucano; la reacción necesita ATP y es 
estimu lada por GTP. Gracias en parte a este sistema 
hoy sab emo s que la activ id ad β GS está con stitu id a por, 
al menos, dos compon en t e s : una fracció n catalí t i c a y 
una regu lado ra; revis ad o en (Cab ib et al., 1998 ; 
Doug las, 2001) . 
En S. pombe se han iden tif ic a d o cuatro genes 
que cod ifican posib les subu n id ad es catalíticas del 
comp l e j o β- g lu c á n sintas a : ( bgs1+, bgs2+, bgs3+ y 
bgs4+ (de (1,3 )- beta-glucan synthesis) . Todo s ello s son 
esenciales en distintos mo mentos del ciclo de vida de 
S. pombe (Cortés et al., 2005; Cortés et al., 2002; Liu 
et al., 2000; Liu et al., 199 9 ; Martín et al., 2003 ; 
Martín et al., 2000).  
La subun id ad regu lado r a está codif ic ad a por el 
gen rho1 + , que ta mb ién es esencial. Rho1p es una 
GTPasa de bajo peso molecu l a r que en su forma ac tiva 
(unida a GTP) y prenilada (asociada a la memb rana) 
activ a a la sub un id ad catalítica de la glucán sin tasa 
(Arellan o et al., 199 6) . 
 
3 .3 .1 . bgs1+ 
La primera posib le sub un id ad catalítica 
iden tificad a en S. pombe fue Bgs1p /Cps1 p, muy 
similar a Fks1p y Fks2p , las subu n id ad es catalíticas 
respon sab les de la activ id ad βG S en S. cerevisiae 
(Ish igu ro et al., 199 7) . Fue descr ita como una posib le 
 
Figura 8:  
Inmunolocalización de 
los distintos tipos de β -
glucano de la pared 
celular de S. pombe . Se 
obtu v i e ro n anti c uerp o s 
espec í f i c o s  para cada 
tipo de β -g lu c a n o , 
ma rc a d o s con oro 
coloi d a l , y se usar o n en 
un expe ri men t o de 
in mun o l o c a l i z a c i ó n .  
A β (1 ,3 )-g l u can o 
ra mif i c a d o en β (1 ,6 ), B  
β (1 ,6 )-g lu can o , C β
(1 ,3 )-g lu can o lin eal
(Hu mb e l et al. , 200 1 ). 
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subun id ad catalítica de la β (1 ,3 )-g lu cán sin tasa 
implic a d a en el proceso de divisi ó n celula r . 
Algu no s mutan tes de bgs1+ no forma n el septo 
de divis ió n y se paran en fase G2 del ciclo celu lar. 
Otro s , pres e n tan defe c to s de polar id ad , por lo que 
además de esencial en el proc e so de divis ió n , Bgs1p 
podr ía ser nece s a r ia para el mante n i mie n to de la 
polar id ad (Cortés et al., 2007; Ish igu ro et al., 1997 ; Le 
Goff et al., 1999 ; Liu et al., 200 0b ; Liu et al., 1999 ). 
Bgs1p se localiza en el septo durante la 
citoqu in e s i s forma n d o un anillo que aparece en la 
regió n inter n a de la marc a de Calco f lúo r que deli mita 
el sep to , pero ta mb ién se encu en tr a en los polo s, en las 
proyecciones de conjugación y en las ascosp oras 
(Cortés et al., 2002). Además, se ha visto que las 
espora s carente s de bgs1 +  al germina r forman septos 
aberr an tes que no se tiñ en con Calcof lúor y no poseen 
β (1 ,3 )- g lu cano lin eal, lo que podr ía ser la pru eb a 
defin itiv a de que Bgs1p es la subun id ad respo n sab le de 
la sín tesis del sep to primario (Co r tés et al., 2007). 
 
3 .3 .2. bgs2+ 
E n el genoma de S. pombe se encon tr ar on otros 
tres genes similare s a bgs1 + , den o min a d o s bgs2+, 
bgs3+ y bgs4 + . 
Bgs2p es una sub un id ad catalítica de la β -
glucán sintasa, esen cial en el ensamb laje y la 
madu r a c ió n de la pared de las asco spo r a s. Vario s datos 
apoyan esta afirmac ión: en primer lugar, la expresió n 
de bgs2 +  es inducid a durante el proceso de 
espo ru lació n. En seg und o lu gar, las ascas que carecen 
de este gen no liberan espontáneamente las esporas, y 
además, éstas son inmaduras e incapaces de germinar. 
Por últi mo , en célu la s diplo id e s bgs2Δ/ bgs2Δ, la 
activ id ad βGS medid a duran te el proc e so de 
esporulación es mínima comp arada con la de las 
células diploides silvestres (L iu et al., 2000 ; Martín et 
al., 200 0) .  
Además, la proteína Bgs2p se localiza en la 
perif er ia de las ascosp or a s que ya han comp le tad o la 
meio s is I y II, prob a b lemen te asoc iad a a la memb r a n a 
de la proesp or a (Mar tín et al., 2000 ).  
 
3 .3 .3 . bgs3+ 
 El gen bgs3 +  fue clon ado como supr e so r del 
mutan te ehs2-1 , hiper s en s ib le a Equino c an d in a , una 
drog a antifúng ica que afecta a las sín tesis del β-
g lu c an o. bgs3 +  es un gen esencial y las células con 
niv eles muy baj os de Bgs3p son redo nd eadas y much o 
más cortas que las de la estirp e silv estr e. Existen 
eviden c i a s que hacen pensar , que bgs3 +  podría estar 
rela c io n ado con la sínte s is de la pared celula r duran te 
la elongación de la célul a (Mar tín et al., 2003).  
 Su localización se corr esponde con los sitios de 
crecimien to celu lar en vegetativ o : polo s y sep to , y 
tamb ién se obse rv a dura n te la conjug ació n y la 
germinación, situándose en las proyecciones tanto de 
los “ schmoos” , como de las esporas en germina c i ó n . 
 
3 .3 .4 . bgs4+ 
 El últi mo gen iden tificado como posib le 
subun id ad de la βGS fue el gen bgs4 + . Tamb ién es un 
gen esen cial y su eliminación produce lisis celular en 
los polos de crecimiento y en el septo antes de la 
citoq u in e s is . Bgs4p es resp on s ab le de la mayo r parte 
de la activ id ad βG S medida in vitro (Cortés et al., 
2005 ).  
Esta pro teín a se localiza en los mis mo s lugares 
que Bgs1p  y  Bg s 3p , pero a la zona del septo lleg a más 
tard e que Bgs1 p. Es una βGS mayoritaria en cuan to a 
su expresión y podría estar involucr ad a en la síntesis 
del septo secun d ar io ; (Cor tés et al., 2005) y  J. C. 
Ribas , comun i c a c i ó n perso n al. 
 
3 .3 .5 . rho1+ 
 El prod u c to del gen rho1 +  se iden tificó como 
una subu n id ad regu lado r a de la enzima β - g l u cán 
sintasa, clav e para su actividad y mie mbro del 
comp lej o enzimático (Arellan o et al., 1996); de la que 
hablar emos en detalle en el Apartado 4.4.5. 
 La síntesis de los polisacáridos de la pared 
celular está regulad a finamente. Para controlar la 
sínte s is de β( 1, 3) -g lu c an o las célu la s pued en modu lar 
la activ id ad catalítica directa men te, contro lando la 
cantidad o localización en la memb rana de Rho1p 
activo, o indirectamente ac tiv an do o inhib ien do la 
tran scrip ción de sus sub un id ad es catalíticas; rev isado 
en (Dou g las, 2001) . 
 
3 .4 . Biosíntesis de α -glucano 
El α-glucano está presen te  en la pared celu lar 
de S. pombe y otro s hongo s dimó r f ico s y fila men to s o s, 
como Histoplasma capsulatum, Paracoccidioides 
brasiliensis y  Blastomyces dermatitidis, aunque 
curiosame n t e se encuentr a ausente en la pared celular 
de S. cerevisiae (Bobb it et al., 1977 ; Bush et al., 1974 ; 
Hogan and Klein , 1994 ; Klimp e l and Goldman , 1988 ; 
San- Blas et al., 1977) . 
Este polímero tiene un papel esencial en el 
mante n imien to de la forma celu la r y en el contro l de la 
polar id ad . Trata mien to s comb in ad os de β -g lu can asa y 
α- g lu can asa produ cen pro top lasto s redo ndead os, que 
no se cons igu en tratan do sólo con β -glucanasa (Alfa et 
al., 1993 ) . Ademá s , alguno s organ is mo s patóg eno s 
como Cryptococcus neoformans necesitan el α-
glucan o para que se ancle la cápsula, que es un 
determin an te de la viru lencia (Reese and Doerin g, 
2003 ). 
 
En S. pombe las cadenas de α-g lu cano están 
formadas por D-glucosas unid as por enlaces α(1 ,3 ) con 
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un 7% de enlac e s α( 1, 4) (Man n er s and Meyer , 1977 ) y 
se distr ibu yen por toda la pared celu la r y en la región 
del septo, sobre todo en las regiones adyacentes a la 
memb rana plasmática (Sugawara et al., 2003). 
Se han iden tif ic a d o vario s gene s que codif ic an 
pos ib l e s sub u n id a d e s cata l í t i c a s de la αG S, 
deno min a d o s genes mok ( morphological and kinase 
inhibitor supersensitive) . De ellos, sólo mok1+ p a r e c e 
estar rela c ion ad o con la sínte s is de α-g lu c an o duran te 
el crecimiento vegetativo, mientras que los otros, 
mok11+, mok12+, mok13+ y  mok14+ , participan en el 
proc e so de espo ru la c ión (ver Apar tado 3.1). 
mok1+ es esencial para la viab ilid ad y para el 
mante n imien to de la polarid a d celu la r duran te el 
crecimiento vegetativo (Hoc hst e n b a ch et al., 1998; 
Kataya ma et al., 1999). Un mutante ter mo sensible en 
este gen, present a una reducci ó n de α-g lu cano en la 
pared celu lar y posee una morf o log ía redo nd ead a. La 
sobr eex pr esión de mok1+ tamb ién pro du c e un 
incremen to en la can tid ad de α-g lu cano en la pared 
celular (Katayama et al., 1999). 
 
3 .5 . Biosíntesis de galactomanoproteínas 
E n S. pombe se sabe muy poco del proc e so de 
sínte s is del gala c to ma n a n o en gene r a l. 
Las gala c to ma n opr o te ín a s repr e s en tan del 9 al 
14% de los azúcares de la pared celular . Son polímeros 
de naturaleza glicoproteica que  se encu en t r an forma d o s 
por un núcleo centr a l de residu o s de mano s a unid a s por 
enlaces α( 1, 6) y con caden as later a les de mano s a con 
enlaces α(1 ,2 ), termin ad as por un  resto de galactosa en 
los extr emo s no red u cto res (Bu sh et al., 1974 ; 
Horis b erg e r et al., 1978 ;  Moreno et al., 1985). 
3 .6 . Regulación de la biosíntesis de la pared 
celular 
 
3.6.1 . Regulación de la síntesis de β -glucano 
 Rho1p es la molécu la prin cipal en la regu lació n 
coord in ad a de la biosín tes is del β (1 ,3) -g lu c an o y otro s 
proc e so s que particip an en la secre c ión polar iz ad a 
(Arel l a n o et al., 1999a) . 
 Esta GTPa s a regu la la biosíntes is de β- g lu can o 
por dos vías, directamente como activador de la βG S 
(Arellano et al., 1999a) y a tr av és de su interacción con 
dos prote ín a s Pck1 p y Pck2p (homó lo g as a PKC de 
mamíf e r o s) . Ambas quina s a s se unen a Rho1 -G T P por 
su extr emo N-termin al y es ta unión las estab iliza y 
permite que aumen te su conce n tr a c ión en las zona s de 
crecimiento (Sayers et al., 200 0) . Además, Pck2 p es un 
activador de la enzima β ( 1 , 3 ) - g lu c á n sintasa, por lo 
que Rho1p pod r ía activ ar a esta enzima a trav és de 
Pck2 p y en men or med id a de Pck1p (Arellan o et al., 
1999 b) . 
En S. cerevisiae Rho1p activa a Pkc1p 
(homó lo g a a Pck1p y Pck2 p de S. pombe) y ésta a su 
vez activa la ruta de MAP quina s a s impli c a d a en el 
man ten imien to de la integrid ad celular (Kamada et al., 
1995 ; Lev in and Erred e, 199 5 ; Non ak a et al., 199 5) . 
Recie n te men te , ta mb ién se ha demo s tr a do la 
particip a c ión de Pck2p como activ a do r de una ruta de 
MAPKs neces a r ia para el mante n imien to de la 
integ r id ad en S. pombe (Barb a et al., 2008; Ma et al., 
2006 ). 
 
3 .6 .2. Regulación de la síntesis de α -glucano 
Otra GTPasa perten eciente a la familia Rho, 
Rho2p, parece ser la respons ab l e de la regulac i ó n de la 
 
Figura 9: 
Regulación de la 
biosíntesis de pared 
celular a través de las 
GTPasas Rho1p y 
Rho2p. R h o 1 p 
esti mu l a la sínte s i s de 
β -g l u c a n o 
direc t a me n t e co mo 
sub u n id a d reg u l ad o ra 
de la β - g l u c á n si nt a s a 
(f lech a contin u a ) y a 
trav é s de las prote í n a s 
quin a s a s Pck1p y 
Pck2 p . Rho 2 p reg u l a a 
travé s de Pck2 p la 
sínt e s i s de α -g l u c a n o y 
ade má s activ a la 
cascad a de MA PKs 
para el mant e n i mi e n t o 
de la integ r i d a d 
celula r .  
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biosín tes is del α(1 ,3 )- g lu c a no en S. pombe. Existen 
una serie de evid en c ia s que rela c io n an a Rho2p con la 
biosín tes is de este compu e s to . La sobre exp r e s ió n de 
rho2 + , a difer en c ia de la de rho1 + , prod u c e un aumen to 
en la can tid ad de α(1,3)-glucano presen te en la pared 
(Calo ng e et al., 2000 ). Por otro lado , Pck2 p es 
necesa r i a para que la α(1 ,3) -g lu c án sinta s a , Mok1p , se 
localice correcta men te y desarro lle su activ id ad 
catalítica (Kataya ma et al., 199 9). 
Además, se sab e que Rho2 p y Pck2 p están 
íntima men t e relacio n ad a s, ya que interac c i o n an 
físic a men te y los mutan te s en esto s dos genes 
presen tan fenotip o s similares (Arellano et al., 1999 b ; 
Calonge et al., 2000).  
El mod o en que Rho2 p inter accio n a con Mok 1p 
no está del todo claro , sin emba r go todos los datos 
apuntan a que esta interacción se produce a través de 
Pck2 p (Arellan o et al., 1999 b ; Calon g e et al., 200 0; 
Katayama et al., 1999) ( Figura 9 ). 
 
4. GTPasas de la familia Rho 
 
L a s GTPas a s Rho ( Ras Homology) con stitu yen 
una familia den tro de la sup erfamilia de peq u eñ as 
GTPasas relacio n ad a s con Ras y se encu entr a n en 
todas las células eucariotas. La familia de GTPasas 
Rho inclu ye tres subfa mili a s : Rho, Rac y Cdc42 ; 
revisado en (Arellan o et al., 1999a; Heasman and 
Ridly, 2008 ; Iden and Collar d, 2008 ; Jaffe and Hall, 
2005 ; Park and Bi, 200 7) . 
Las prote ín a s Rho comp a r ten con los demás 
miemb r o s de la supe rf a mi lia Ras un diseñ o estr u c tur a l 
y un mecanismo molecular por el cual, se activan 
cuando se unen a GTP y se  inactivan cuando este 
comp u e s to es hidr o liz a do a GDP ( Figura 10 ) . 
En su estado unido a GTP estas GTPasas se 
unen a una gran cantid a d de  moléculas efectoras, que 
permiten la activación de las cascadas de señalización, 
que  a su vez  promu e v e n respues ta s celula r e s gener a les , 
como ca mb ios del citoesqueleto, dinámica de 
micr o tú bu lo s, tráf ico de vesíc u las , polar id ad celu lar y 
prog r e s ió n del ciclo celula r. La plasticid a d de las 
prote í n a s Rho en térmi n o s de localización subcelular, 
regulación, unión a los efectores y relación con 
proteínas de otras rutas celulares, sitúan a estas 
GTPa s a s en un punto centr al de la regu la c ió n de una 
gran cantidad de procesos celulares; revisado en 
(Bu stelo et al., 2007 ; Ga rcía et al., 2006b; Heasman 
and Rid ly, 2008 ; Iden and Collar d , 2008 ; Park and Bi, 
2007 ). 
 
4 .1 . Moléculas efectoras de Rho-GTPasas 
Una vez activadas y tran slocadas a sus sitios 
específicos de localización, las proteínas Rho 
interaccionan con sus efectores molec u lares para 
aumentar la señal específic a de las ca scadas de 
tran sd u cció n de señ ales. Estru ctu ralmen te, esto s 
efecto r es utilizan diferen tes residuo s para su 
interacción, siendo las regiones switch I y II de la 
GTPasa los sitio s prin cip ales de recono cimie n to . 
El anclaje a la memb rana de los efectores es 
parte del me canis mo por el cual empieza n a ser 
activados. La mayoría de las interacciones entre las 
GTPas a s Rho y sus efector e s se pueden englo b ar en los 
tres modelo s siguien tes : 
-La interacción de la GTPasa con su efector 
prov o c a un camb io de confo r ma c ió n en éste que le 
permite salir de una confo r ma c ió n auto inh ib id a , dando 
lug ar a una estru ctura totalme n te activ a. 
-Otro s efec to re s son activ ad o s media n te la 
liberación de factores inhibitorios a los que estaban 
aso ciado s, gracias a la unión de la GTPasa. 
-En otra s ocas io n e s la GTPa s a produ ce la 
inhib ic ión y no la activ a c ión , de la prote ín a efecto r a. 
 
El resultado final de la regula c ión de estas 
molécu l a s efecto r a s es la generac ió n de señales 
multirramifica das que producen, entr e otras respuestas, 
ca mb ios en el citoesqueleto, tráfico de vesículas y 
prog r e s ió n del ciclo celula r . 
Cabe destacar que entr e las funciones de los 
efectores en muchos casos tamb ién se encuentra la de 
regu lar a las prop ia s GTPas a s, lo que contr ib u ye a una 
señalización por GTPasas co ordinada y equilibrada. 
Esto pone de man ifiesto el alto niv el de plasticid ad que 
tien e n lugar en las rutas de tran sd u c c ió n de seña les de 
GTPasas; rev isado en (Bustelo et al., 2007 ; Park and 
Bi, 2007 ). 
 
Figura 10: Regulación de las GTPasas. Las pro t e í n a s con 
activ i d a d GEF favor e c e n el inter c a mb i o de GDP por GTP y 
activ a n las GTPa s as , permi t i e n d o así la unión de éstas a sus 
ef ect o r e s . Las pro te í n a s con activ i d a d GAP inact i v a n a las 
GTPas a s , esti mu l an d o la activ i d a d GTPás i c a intrí n s e c a de 
éstas .  
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4 .2. Regulación de Rho-GTPasas 
Las célu las con tro lan la activ id ad de estas 
prote ín a s a trav é s de vario s tipo s de regu la c ió n. 
 
4 .2.1. Regulación por cambio de nucleótido 
Las GTPasas de la familia Rho altern an entre 
un estad o unid o a GTP (activ o) y un estad o unid o a 
GDP (inactiv o) y su activid ad está regulad a por dos 
tipo s de proteín a s : GEFs y GAPs ( Figura 10 ). Los 
GEFs ( Guanine Exchange Factor) facilitan el camb io 
de GDP por GTP, activan do a las GTPasas (ver 
Apar tado 4.3) . Las pro teín as GAPs ( GTPase Acivating 
Protein) prod ucen la hidró lisis del GTP, permit ien d o a 
la GTPasa volv er a su estad o inactiv o. 
La simp lic id a d de este modelo contr as ta con la 
comp lej id a d de las rutas regu lad a s por estas prote ín a s; 
revisado en (Arellano et al., 1999a; Bustelo et al., 
2007 ). De hecho, el estud io de las prote ín a s que 
contr o lan el inter c a mb io de nucle ó tido de las GTPa s a s 
ha sido cruc ial para entend e r esta parad oj a . Tanto 
GEFs como GAPs son prote ín a s mayo res y más 
comp leja s que las GTPasas en sí mis mas y contiene n 
múltip l e s domini o s capace s de  interaccionar con otras 
prote ín a s y con líp id o s, indic a n do que pued e n actu ar 
como señales de localización o como adap tadores en 
comp lej o s multip ro teico s ; rev isado en (Bo s et al., 
2007 ; Gulli and Peter, 2001 ; Moon and Zhen g, 2003; 
Rossman et al., 2005 ; Sch mid t and Hall, 2002 ). 
 
4 .2.2. Regulación por cambios en su 
localización subcelular 
Muchas proteínas Rho deben anclarse a la 
memb r a n a para poder realizar sus func ion e s bioló g ic a s 
y la condic ió n esen c ia l para ello es la incor po r a c ió n de 
un grupo de natura l e z a isopren o id e .  
En prime r luga r , se inco rpo r a un grupo geran il-
g e r an ilo , o menos frecu en te me n te farne s ilo a la 
secuen ci a denomina d a “Caja CAAX”. La 
incor po r a c ió n de este grupo isopr e no id e promu e v e la 
translocación de la GTPasa al Retículo Endoplásmico, 
dond e se eli mi n a el trip ép tido “AAX”. Por último , la 
cisteína que queda es metilada; revisado en (Bustelo et 
al., 200 7) . 
Las prote ín a s GDIs ( Guanine Dissociation 
Inhibitors ) tamb ién jueg a n un pape l impo r tan te en la 
regulación del anclaje a la memb rana de estas 
prote ín a s . Se unen a los grupo s isop r enoid e s de la 
GTPa s a lo que impid e el interca mb io de GDP por GTP 
y favorece el secuestro de la GTPasa inactiva en el 
cito so l.  
La func ión de los GDIs tamb ién es impo r tan te 
para la lib er a ció n de estas prote ín a s de la memb r a n a 
cuando termina el proceso de señalización. La 
disociación de los GDIs y las GTPasas, es un requ isito 
esencial para que se produzca  la activación de éstas por 
parte de los GEFs y su subsig u ien te asoc iac ió n con las 
me mb r an as . 
 
4 .2.3. Otros tipos de regulación 
E n ma mífe r o s , muchas GTPasa s de la famili a 
Rho presen tan una expr e s ión espe c íf ic a depe nd ien te 
del tipo celula r o de diferente s estí mu lo s . Otra s son 
regu lad as med ian te deg r ad ació n en sitio s esp ecíficos 
de la célu la , por ubiq u itin a c ión , degr ad a c ión por 
caspasas, etc. 
Otra forma de regul a c i ón  de ciertas proteínas 
Rho se produc e a travé s de un posib le domin io de 
autoinhi b i c ió n en su ex tre mo N-termi n al. Dich a 
auto inh ib ic ió n pued e ser desac tiv a d a media n te la unió n 
de una proteína adaptadora cuya interacción no altera 
el inter c a mb io GDP/G T P de la GTPas a . 
Las GTPa s a s ta mb ién pued en estar fosfo r ila d a s 
en residuo s específ i c o s , esta modif i c a c i ó n post-
transcripcional pued e influir en su interacción con los 
GDIs, su estabilid ad en la memb ran a y sus fun cion es 
efectoras ; revisado en (Bustelo et al., 2007). 
 
4 .3 . GEFs de GTPasas de la familia Rho 
Las proteínas Rho ciclan entre una forma 
inactiva (unida a GDP) y una forma activa (unida a 
GTP) . Las célu la s regu lan a estas prote ín a s modu land o 
la interconver sión y accesibilidad de estas dos 
isoformas. Los factores GEFs se unen a la GTPasa 
unida a GDP y desestab i l i z a n este comp lejo , mientras 
que estabil i z a n el interme d i a r i o de reacció n libre de 
nucleó tid o (Bo s et al., 2007 ). Gracias a la mayo r 
concen tr a c ió n de GTP en la célula , el GDP es 
Figura 11: Estructura secundaria y terciaria de los 
dominios DH y PH de Sos1, un GEF de humanos. D e n t r o 
del do min i o DH se pued e n dist i n g u i r las regi o n es 
cons e r v a d a s CR1, CR2 y CR3. Las regi o n e s CR1 Y CR3 
(ros a oscu r o ) forma n el núcle o cata l í t i c o del domi n i o DH 
dond e se une la GTPa s a . I mag e n toma d a de (Ros s ma n et al., 
200 5 ). 
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reemp la z a d o por GTP, dando luga r a la activ a c ió n de 
la GTPasa, que es así cap az de recon o cer sus dian as 
moleculares o efectores. Los GAPs aceleran la 
activ id ad GTPasa intr ín seca de las Rho-GTPasas para 
inactiv arlas.  
En teo r ía, la activ ació n de una GTPasa pod ría 
ocur r ir por estimu lac ió n de un GEF o por inhib ic ión de 
un GAP, pero en la prác tic a, todo apunta a que las 
pro teín as GEFs son los med iad ores crítico s en la 
activ ació n de las GTPasas de la familia Rho ; rev isad o 
en (Gu lli and Peter, 2001 ; Rossman et al., 2005 ; 
Sch mid t and Hall, 2002 ). 
 
 El númer o de regu lado r es GEFs supe r a al de 
GTPas a s en todo s los organ is mo s estu d ia d os . Se ha 
prop u e s to que los Rho- G EFs podr ían estar regu land o 
la espec if ic id ad de activ a c ió n de unos efecto r es u 
otro s , debido a su capa c id ad de unió n a difer e n te s 
prote ín a s y al reclu ta mien to o activ a c ión de las 
GTPasas en diferentes lugares de la célula. De esta 
forma los facto r e s GEFs se compo r tan como 
integ r ado r e s de señales para la activ a c ión de respu e s ta s 
celula r e s concre t a s , y lo hacen median t e la unión a 
d e t e r m i n a d a s  p r o t e í n a s  e n  c o m p l e j o s 
macromo l e c u l a r e s (Pap ad ak i et  al., 2002 ; Schmid t and 
Hall, 200 2) . 
 
4 .3 .1 . Características estructurales de las 
proteínas Rho-GEFs 
Los factores Rho-GEFs se caracterizan por la 
presen ci a en su secu en ci a proteica de un dominio 
deno min a d o DH ( Dbl homology) descr ito por prime r a 
vez en la pro teín a Dbl (el primer GEF de mamífero s 
aisla d o como un onco g en a partir de DNA de diffuse B 
cell lynphome; Eva and Aaronso n, 1985 ). Este domin io 
es impresci n d ib l e para la activ idad GEF. 
Los domin io s DH de distin to s GEFs presen tan 
un bajo grado de iden tid ad a nivel de secu en c ia , 
inclu so entr e GEFs de la misma GTPa s a . Sin emba r g o , 
la estru ctu ra trid imen sio n al de esto s domin ios está muy 
conservada (Liu et al., 1998 ; Soisson et al., 1998 ; 
Worth ylak e et al., 2000) ( Figura 11 ) . El domin o DH 
pres en ta tres region e s muy conse rv a d as deno min a d a s 
CR1 , CR2 y CR3 . De ellas, CR1 y CR3 están 
expuestas hacia la superficie y forman el núcleo en el 
que se une la GTPas a . Mutac io n es en esta región 
afectan a la activ id ad catalíti ca de las pro teín as GEFs 
(Gar cía et al., 2006b; Liu et al., 1998; Schmidt and 
Hall, 200 2 ; Soisson et al., 1998 ). 
Casi todo s los facto r es Rho-G EFs presen tan un 
domin io PH ( Plekstrin homology), adyacente al 
dominio DH hacia su extrem o carbox ilo -termin al. En 
much o s  casos el módulo DH-PH es suficiente para 
promo v e r el inter c a mb io de GDP por GTP in vivo. El 
domin io PH es capaz de unirs e a fosfo líp ido s de 
me mb r a n a y tamb ién a otras prote ín a s y regu la de esta 
manera la localización de los Rho-GEFs, su actividad 
catalítica y la unión a la GTPasa (Ro ssman et al., 
2005 ). 
Además del módu lo DH-PH la ma yo ría de los 
GEFs pose en domin io s prote ic o s adicion a les que 
inclu ye n domi n io s SH3, SH2, PDZ, DEP, Ser/Thr 
Kinase, PH adicionales, etc. Éstos probablemente están 
implic a d o s en intera c c i o n e s con otras prote í n a s de 
cascada s de señaliz a c i ó n , proteí n a s quinas a s , entre 
otra s ; revis ado en (Ros s ma n et al., 2005 ; Schmid t and 
Hall, 200 2) . 
 
4.3.2. Regulación de los factores Rho-GEFs 
Las proteínas GEFs por sí mimas ta mb ié n son 
fin amen te regu lad as y cad a mie mb r o de esta familia 
parece poseer un mecanis mo de activación y 
desa c tiv a c ión único . Sin emba r g o , se han podido 
desc r ib ir algu no s prin c ip io s gene r a les que se detallan a 
continu a c ió n ( Figura 12 ) (Sch mid t and Hall, 200 2) . 
 
I nh ib ic ión intra mo le c u lar :  
 A lgu no s GEFs poseen un domin io regu lad or 
que bloqu e a la activ id a d de la prote ín a me dia n te una 
interacción intramolecular, de  forma que se bloque a el 
sitio activ o en el domin io DH. La lib eració n de la 
auto inh ib ic ió n se pued e prod u c ir media n te la unión a 
otra s prote ínas , por fosfo r ila c ión o por otros 
mecanis mo s ( Figura 12A )  (Bustelo, 2000) . Inclu so se 
ha realiz a do un estud io en el que el domin io de 
auto inh ib ició n de un determin ad o GEF se ha sustitu ido 
por otro domin io regu lab le de forma exóg en a , de 
manera que se consigue controlar fácilmente la 
activ a c ió n de este nuevo GEF y por tanto camb iar la 
regulación de su GTPasa diana (Yeh et al., 2007). 
 
Interacción proteína-proteín a: 
Mucho s GEFs son estimu la d o s por la 
interacc i ó n con otras proteí n a s o por fosfori l a c i ó n , sin 
necesidad de elimin ar ningún mecanis mo 
autoin h i b i to r i o . Otra vari ación es la oligomerización 
mediad a por el dominio DH, en  la que es necesaria la 
secuen c i a conser v ad a CR2 (Schmid t and Hall, 2002). 
 
Regulación por localización: 
 Mucha s de las funcio n e s asociad as a las 
GTPas a s depen d en del contr o l espa c ia l de su 
activaci ó n . La localiza c i ó n subcelul a r de los GEFs es 
un aspecto imp ortan te de su activ id ad . Existen Rho -
GEFs que ante determin ados estímu lo s ca mb ian su 
localización subcelular desd e el  núcleo, el citosol o el 
citoesqueleto, a las me mb ranas para activar a las 
GTPa s a s (Ross ma n et al., 2005 ; Schmid t and Hall, 
2002 ). 
 
Desactivación de los factores GEFs: 
Se sabe muy poco acerca de la desactiv ación de 
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estas prote ín a s. Se pued en reve r tir los meca n is mo s de 
activación, a través de la eliminación de la 
fosf or ila c ió n o de la unión a la prote ín a activ a dor a . Se 
ha propu e s to ta mb ién que la unió n a deter min a d o s 
regu lado res podría favorecer su poliub iquitin ació n y 
degr ad a c ión (Sch mid t and Hall, 2002 ). 
 
4 .4 . GTPasas de la familia Rho en S. pombe 
U n gran númer o de estu d io s en diver s os 
organ is mo s han desv e la do que las GTPasas de bajo 
peso mole c u l a r func io n an como molé c u las de 
señalización claves en el  desarrollo polar izado. 
Ademá s , están muy conse rv ad a s desde levad ur a s hasta 
huma n o s, tanto a nive l estr u c tu r a l como func io n a l 
(Bou rn e et al., 199 1 ; Bourne et al., 1990; Etien n e-
Man n ev ille and Hall, 200 2 ; Hall, 199 8). 
La familia Rho en S. pombe está compu e s ta por 
seis mie mb r o s : Cdc42 p, Rho1p , Rho2 p, Rho3 p, Rho 4p 
y Rho5p (Arellano et al., 1999a). De los cuales sólo 
dos, Cdc42p y Rho1p , son esen ciales para la 
superv iv en cia de la célu la (Miller and John son , 1994 ; 
Nak ano et al., 1997 ).  
 
4 .4 .1 . Cdc42 
En S. cerevisiae, una proteína clav e en el 
establec i mie n t o de la polar ida d es Cdc42p, que está 
invo lu cr a d a en la organ iz ac ió n de la actin a , de las 
septinas y en exocitosis (Bi et al., 2000; Park and Bi, 
2007 ). 
 
En S. pombe, Cdc42p particip a en el contr ol del 
crecimiento celular polarizado y es necesaria para 
man ten er la morfo log ía cilín d r ica típ ica de esta 
lev adu ra  (Miller and John so n, 199 4). Los mutan tes de 
algunos activad ores y efectores de Cdc42p descritos 
hasta el momen to prese n tan una morf o log ía 
redondead a y defectos en la polarización de los parches 
de actin a (Hiro ta et al., 2003 ; Murr ay and John son , 
2001 ; Ottilie et al., 1995 ; Sells et al., 1998 ). 
En S. pombe el ensamb laj e de los parc h es de 
actin a tien e luga r por dos vías dife r en te s ; una depe nd e 
de Wsp1 p y la verp ro lin a Vrp 1p , y la otra depend e de 
la miosin a Myo1p , ambas rutas conv e rg e n para activ ar 
al comp lejo Arp2/3 (Gar cía et al., 2006b; Sirotk in et 
al., 2005 ) . Cdc42p pued e promover el crecimiento 
polar iz a do contr o lando la fosf or ila c ió n de la miosin a , 
pero no se ha encon t r ad o interacción entr e Cdc42p y 
Wsp1p . 
Otra func ió n impo r tan te de Cdc4 2p está 
relaci o n ad a con el ensamb l a j e  de los cables de actina. 
Como ya se ha comen ta d o (ver Apar tado 2.4) Cdc42p 
es necesaria para activ ar y localizar a la formin a For3 p 
enca rg ad a de la forma c ió n de esto s cable s . Un mutan te 
puntu a l en esta GTPas a , cdc42-1625, presen ta uno s 
 
Figura 12:  
Regulación de la 
actividad de los factores 
RhoGEFs. S e han 
prop u e s t o tres me ca n i s mo s 
para esta activ a c i ó n : ( A) 
Libe ra c i ó n de la 
auto i n h i b i c i ón que 
pres e n t a n algu n a s 
mol éc u l a s . La libe ra c i ó n se 
pue d e prod u c ir por 
fosf o ri l a c i ó n de la 
mol é c u l a , por uni ó n a otras 
pro t e í n a s o por 
modi f i c a c i ó n de los 
fosf o l í p id o s de la 
me mb ran a , lo que cau s a un 
camb i o con f o r ma c i o n a l en 
el do min o PH; ( B ) 
Acti v a c i ó n por unió n a 
otras prot e í n a s u olig o -
me r i z a c i ó n . ( C) Activ a c i ó n 
me di a n t e loc al i z a c i ó n 
subc e l u l a r. Algu n a s 
mol é c u l a s ca mb i a n su 
local i z a c i ó n del núcle o o 
del citop l a s ma a las 
me mb ran as , ante 
dete r mi n a d o s estí mu l o s . 
Adap t a d o de (Schmi d t and 
Hall , 2002 ).  
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cables de actina muy cortos y finos. Además, en este 
mu t a n t e la pro te ín a For3 p no se acu mu l a 
correctamente en los polos celulares (Martin et al., 
2007 ). 
 
Los efecto r e s de Cdc42p me jor conoc id o s son 
las pro teín as PAK , Shk 1p /Pak1p /Or b2p y Shk 2p /
Pak2 p. shk1 +  es un gen esencia l necesari o para el 
crecimiento polarizado, cont r o l de la prog r e s ió n del 
ciclo celula r, citoq u in e s is y conju g a c ió n (Marc u s et al., 
1995 ; Ottilie et al., 1995 ; Verd e et al., 199 5 ; Kim et al., 
2003 ). shk2 +  no es esencial y sus funciones parecen ser 
redun d an te s con resp e c to a las de shk1 +  (Merla and 
John son , 2001 ; Sells et al., 199 8 ; Yan g et al., 1998) . 
 
 Cdc42p es activado al menos por dos GEFs, 
Scd1 p /Ral1p y Gef1p (Co ll et al., 2003 ; Murray and 
John son , 2001 ). 
La disr up ción de scd1 +  produ ce célu las 
redon d e ad a s que son incap a ces de conjug a r . Cdc42 p es 
un comp on ente del comp lej o multip ro teico que 
fun cion a por deb ajo de Ras1p, regu lando la morf o log ía 
celular y la conjugación. Estas dos proteínas 
interaccionan a través de Scd1p (Chan g et al., 1994; 
Fuku i and Yama mo to , 1988).  
La dele c ió n del otro GEF de Cdc42p , Gef 1p , es 
viable pero causa defecto s en el crecimie n t o bipolar y 
la for ma c i ó n de l sep t o , don d e se loc a l i z a 
mayo ritaria me n te (Co ll et al., 200 3). La deleció n de los 
dos GEFs de Cdc42 p a la vez es letal, gener an do 
células redondas que mimetizan el fenotipo de la 
disru p c ió n de cdc42 + .  
 
4 .4 .2. Rho2 
Rho2p, al igual que Rho1p, es necesar ia para el 
man ten imien to de la integridad celu lar. Esta pro teína 
inter a c c i o n a con los homól o g o s  de la Proteína quinasa 
C, Pck1p y Pck2p ( Figura 9) . Dich a GTPasa 
interv ien e en la regu lación de la sín tesis del α- g l u c ano , 
mediante la activación y localización de Mok1p ( αG S) 
a trav és de Pck2p (Calonge et  al., 2000) (ver Apar tado 
3.6.2 ). De esta forma Rho1p y Rho2 p regu lan a trav é s 
de Pck2p la sínte s is de los prin c ip a les políme r o s que 
comp o n en la pare d celu lar , β- y α- g lu cano (Arellano et 
al., 199 9b ; Calo ng e et al., 2000 ).  
Reciente mente, se ha descrito la relación de 
Rho2p y Pck2 p con la activ a c ió n de la ruta de 
integrid a d (Ma et al., 2006). La sobreexp r e s ió n de 
rho2 +  y pck2+  se traduc e en un aument o de la 
fosf or ila c ió n de Pmk1p , la últi ma de las quin a s a s de 
esta ruta. Mien tras que la disrup ción de esto s gen es 
prod u c e una dismin u c ió n de la cantid a d de Pmk1p 
fosforilad a. Esto ind ica que Rho2p activ a la ruta de 
integrid a d , a través de Pck2p (Barba et al., 2008; Ma et 
al., 200 6) . 
 
4 .4 .3 . Rho3 y Rho4 
Rh o3p y Rho4p particip an en la regu lación de 
la secreció n durante la separaci ó n celular. 
En S. cerevisiae, Rho3p está involucr ada en el 
transp orte de las vesícu las endocíticas a través de los 
cables de actina y en el anclaje de éstas a la memb rana 
plasmática (Adamo et al., 1999). En S. pombe, los 
mutan te s nulo s rho3Δ presen tan célu las multitab icad as 
y acu mu lan vesícu las a 37ºC. Rho 3p interaccio n a con 
la formin a For3 p y modu la las func ion e s del exoc isto 
(Nak an o et al., 2002 ; Wang et al., 200 3) .  
Rho4p es la única GTPasa de la familia Rho 
que se localiza exclusiv ame n t e en la región de 
divis ión . Esta prote ín a es neces a r ia para la degrad a c ión 
del septo durante la citoq u in e sis y regula la secre c ión y 
localización de las glucan asas Agn1p y Eng1p 
(Nak an o et al., 2003 ; Santo s et al., 2003 ; Santo s et al., 
2005 ). 
 
4 .4 .4 . Rho5 
Rh o5p es una prote ín a muy pare c id a a Rho1p 
(86% de identid a d) . Se expre s a bajo condic io n e s de 
estrés y en ausencia de Rho1p, la sobreexpresió n de 
Rho5p man tie n e la activ id ad β GS y la organización del 
citoesqueleto de actina, aunqu e de forma meno s 
eficiente (Nak an o et al., 2005 ; Rin cón et al., 2005 ). 
 
4 .4 .5 . Rho1 
El crecimiento celular en las levaduras está 
necesariamente relacionad o con la síntesis de pared 
celular y con la regulación del citoesqueleto de actina. 
La GTPas a Rho1p particip a en ambos proce s o s , tanto 
en S. cerevisiae como en S. pombe. 
En S. cerevisiae Rho1p reg ula la sín tesis de β-
g lu c an o al menos por dos vías dife r en te s , como 
subun id ad regu lado r a de las β - g l u c án sintasa s Fks1p y 
Fks2 p y como activador de la ruta de MAP quin asas 
que con tro lan la integr id ad celu la r ( Figura 13 ) (Lev i n , 
2005 ).  
La ruta de integrid ad está formad a por el 
homó lo go de la Prote ín a quin a s a C, Pkc1p , un módu lo 
de MAP quinasas y los f acto r es de trans c r ip c ión 
Rlm1 p y Swi4 /6 , que regu lan la expr e s ión de gene s 
necesario s para la transición G1/S y para la biosín tesis 
de la pared ; revis a do por (Lev in, 2005 ; Park and Bi, 
2007 ). En S. pombe Rho1p no se ha relac ion a do con la 
cascada de quinasa s de la ruta de integri d a d Mkh1p-
P e k1 p- P mk 1p /S p m1 p (Tod a et al., 1996 ) , aunq u e si 
tenemo s en cuenta que Pck2p es un efector de Rho1p y 
que esta proteína a su vez activa dicha cascada, no se 
descarta esta posib ilid ad (Ma et al., 200 6). 
En S. cerevisiae, Rho1p participa en el proceso 
de exocito s is polar iz ad a , regu la la forma c ió n de 
fila men to s de actin a y del anillo contráctil de 
actomiosina, a través de la s formin as Bni1p y Bnr1 p e 
interacciona con Sec3p, un componente del exocisto 
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(Ima mura et al., 1997; Kohno et al., 1996; Guo et al., 
2001 ). ( Figura 13 )  
 
En S. pombe Rho1p tamb ién pres en ta func io n es 
relacio n ad as con la polarizació n de la actin a y la 
biosín tes is de la pared celu la r. 
Cuando se elimina la expresió n de rho1+  
duran te el creci mien to vege tativ o , las célu las pierd en la 
integ r id ad y se lisan , la ma yo ría como parej as en el 
mo mento de la separación. Además la actividad βG S 
ta mb ién dismin u ye drásticamen te (Arellan o et al., 
1999 a; Arellano et al., 199 7) . De acu erdo con esto , los 
efecto r es de Rho1p mej o r cono cido s son enzimas 
relac io n ad a s con la sínte s is de la pared celu lar: la β
( 1, 3) -g lu c án sinta s a y las prote ín a s quin a s a s C, Pck1 p 
y Pck2 p (Arellan o et al., 199 9b ; Sayer s et al., 2000) . 
 Rho1p func ion a por deba jo del marc a d o r de 
polarid ad Tea1 p, y se localiza en los lug ares de 
crecimien to celu lar, polos y sep to . La dismin u ción 
prog r e s iv a de Rho1p en las célula s produ c e la 
desaparición de la actina po limerizada, mie n tras que un 
incremen to de su exp r esión da lug ar a pun tos de actin a 
mayo r e s y distr ib u id os aleato r ia me n te por toda la 
célula. 
Parece ser que un equilib r io adecuad o en la 
activación de Rho1p es imp o rtan te para la regulación 
del cito e squ e leto de actin a , sin embar g o aún no se ha 
descr ito ningun a prote ín a que medie en este proce so. 
No está claro si algun a de las formin a s de S. pombe 
interacciona con Rho1p y tampoco hay ningún estudio 
que relacion e a Rho1p con el comp le jo Arp2/3; 
revisado en (García et al., 2006b). 
 
Hasta ahora se han iden tif i c a d o tres GEFs de 
Rho1p , denomin a d o s Rgf1p , Rgf2p y Rgf3 p, tres 
regu lado r es neg ativ os, Rga1p , Rga5p y Rga8p y una 
prote ín a GDI, Rdi1p (Calon ge et al., 2003 ; Nakano et 
al., 2003; Nakano et al., 20 01 ; Yan g et al., 200 3)   
 
rgf3 +  fue clona d o en nues tro labor a tor io por 
comp le mentación de un mutante hipersen sible a drogas 
que interf ier en con la bios ín tes is de la pared celu la r . Es 
un gen esen c ial y la dismin u c ió n de su expre s ió n causa 
lisis celu lar, con un feno tip o muy similar a la 
disru p c ió n de rho1 + . La expr esió n de rgf3 +  presen ta un 
pico duran te la septa c ión de una maner a depe nd ien te 
Figura 13: Cascadas de señalización controladas por Rho1p en S. cerevisiae. R h o 1 p esti mu l a la sínt e s i s de β -g l u c a n o direc t a me n t e 
co mo subu n i d a d regu l a d o ra de las β-g l u c á n sint a s a s Fks1 p y Fks2 p . Rho1 p acti v a a trav é s de Pkc1p la casc a d a de MAP quin a sas de la 
ruta de integ r i d a d que activ a n , a través del factor de tr a n sc r i p c i ó n Rlm1 p , la exp re s i ó n de ge ne s rela c i o n a d o s con la sínt e s i s de la pared 
celul a r . Rho1p regul a a travé s de la f ormi n a s Bni1 p y Bnr1 p la nucl e a c i ó n de cabl e s de  acti n a dura n t e la cito q u i n e s i s y junto a  Sec3p la 
exoci t o s i s . Los recep t o r e s Wsc, Mid2 y Mtl1 seña l i z a n y activ a n a Rho1p a travé s de sus facto r e s GEFs : Ro m1 p , Ro m2 p y Tus1p . To r2 p , 
un senso r nutr i c i o na l ta mb i é n seña l i z a a travé s de Rho1p- P k c 1 p para contr o l a r la reorg a n i z a c i ó n del citoe s q u e l e t o de actin a .  
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de Ace2 p y la proteína se localiza exclusiv amente en la 
regió n del septo , como un anillo que se contr a e (Iwak i 
et al., 2003 ; Morrell-Falv ey et al., 2005; Mutoh et al., 
2005 ; Taj adur a et al., 2004 ).  
Se ha visto que Rgf3p activ a la βG S y que 
con tro la la cantid ad de β -g luc a n o de la pared celu la r. 
Es prob ab le que Rgf3p esti mu le la activ a c ió n, a trav é s 
de Rho1p , de una GS cuya func ió n sea crucial para la 
correcta septación. Tamb ién, podría ser necesaria para 
el reclu ta mien to de Rho1 p en esa zon a (Taj ad ur a et al., 
2004 ). 
rgf1 +  y rgf2 + , como se describirá más adelante 
en esta me mo r ia, tamb ién son activ ador es de Rho1p 
(Gar cía et al., 2006a; Muto h et al., 2005 ). Rgf1p es 
necesa r io para la activa c i ó n del crecimiento en el polo 
nuevo durant e NETO , mientr a s que Rgf2p es esen cia l 
durante el proceso de esporula c i ó n . 
 
En cuan to a los GAPs cono cid o s de Rho1 p, se 
ha visto que la elimin a c i ó n de rga1 +  ralentiza el 
crecimiento y produce a lter a c io n e s morf o ló g ic a s 
similar e s a las produ c id a s por la sobr e ex pr e s ión de 
Rho1p (Nak ano et al., 2001) . rga5 +  particip a en la 
regu lación de la activ id ad βGS y en el mantenimiento 
de la integrid ad celular (Calonge et al., 2003). Por su 
parte , rga8 +  se aisló a partir de una búsq ue d a de 
proteínas que interaccionan  con Pak1/S k h 1 p pero su 
función apen as se conoce (Yan g et al., 2003). 
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El objet i vo gener a l de esta tesis ha sido la carac t e r i z a c i ó n de las prote í n a s Rgf1p y Rgf2p , posib l e s 
regul a d o r e s de GTPas a s de la famil i a Rh o. 
 
 
 
 
 
Objetivos esp ecíf icos: 
 
- Establ e c e r la relaci ó n que pueda existi r entre las prot eí n a s codifi c ad a s por los genes rgf1 +  y rgf2 +  
con la biosí n te s i s de la pared celul a r en S. pombe. 
 
- Deter m i n a r si Rgf1p y Rgf2p actúa n como regul a d o r e s de alguna de las GTPasa s de la famili a Rho 
y averig u a r en cuáles de los proces o s regul a d o s por dichas GTPa sa s interv i e n e n y de qué forma. 
OBJETIVOS 
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En esta secci ó n de la memo ri a se desarr o l l a el trabaj o exper i m e n t a l lleva d o a cabo, inclu y e n d o la 
metod o l o g í a emple a d a y la discu s i ó n surgi d a del mi smo . Todo ello se ha divid i d o en cuatro capít u l o s , 
cada uno de los cuale s sup on e una línea de inves t i g a c i ó n indep e nd ien t e , aunqu e todas ellas se encue n t r a n 
relaci o n a d a s entre sí e incluid a s dentro del objetiv o global de este trabaj o , estudi a r el papel de los 
regul a d o r e s de Rho-G T P a s a s , Rgf1p y Rgf2p, en el contr o l de la integ ri d a d y la polar i d a d en 
Schizosaccharomyces pombe. Una discu s i ó n gener a l , con datos adic i o n a l e s y que englo b a al conju n t o de 
la inves t i g a c i ó n , se abord ar á con poste r i o r i d a d en otra secci ó n indep e n d i e n t e de la memo r i a . 
 
Tres de los capít u l o s están const i t u i d o s por artíc u l o s  publi c a d o s en prens a y que son el resul t a d o de 
cada línea de invest i g a c i ó n . Ademá s , cada artícu l o está preced i d o de un pequeñ o resum e n en castel l a n o 
de los resul t a d o s obten i d o s , que fac il i t a r á la revis i ó n rápid a de la in for ma c i ó n conte n i d a en los mismo s . 
Por otro lado, el Capít u l o II const a de una serie de  resul t a d o s no publi c a d o s en prens a , pero que nos 
pareció intere sa n t e reflej ar en esta memo ria para  co mp l e t a r el estud i o de la prote ín a Rgf1p . 
 
 
 
Los capítulos incluidos en la memoria son: 
  
CAPÍTULO I  
La prote í n a Rgf1 p es un GEF espec í f i c o de Rho1p que coord i na la polar i z a c i ó n celul a r con la 
biosí n t e s i s de la pared celul a r en la levad u r a de fisió n. 
García, P., Tajadura, V., García, I., and Sánchez, Y. (2006) . Rgf1p is a speci f i c Rho1- G E F that 
coord i n a t e s cell polar i z a t i o n with cell wall bioge n e s i s in fissi o n yeast . Mol. Biol. Cell  1 7 , 1620- 1 6 3 1 . 
 
CAPÍTULO II  
 La proteí n a Rgf1p parti c i p a en el estab l e c i mi e n t o del creci m i e n t o bipol a r en S. pombe. 
 
CAPÍTULO III  
El GEF de Rho1p, Rgf1p , señal i z a por enci ma de la cascad a de proteí n a s quinas a s activa d a s por 
mitó g e n o de Pmk1 p en la leva d u r a de fisi ó n . 
García, P., Tajadura, V. and Sánchez, Y. (2009) . The Rho1p excha n g e facto r Rgf1p sign a l s upstr e a m 
from the Pmk 1 Mitog e n - a c t i v a t e d prot ein kinase pathway in fission yeast. Mol. Biol. Cell  20 , 721- 73 1 . 
 
CAPÍTULO IV  
En Schizosaccharomyces pombe, la prote í n a Rgf2p es un facto r in ter c a mb i a d o r de nucle ó ti d o s de 
guani n a de Rho1p , neces a r i o para la madur a c i ó n de la  pared de la espor a y el mante n i mi e n t o de la 
integ r i d a d celul a r en ausen c i a de Rgf1p . 
García, P., García, I., Marcos, F., de Garibay, G. R. and Sánchez, Y. (2009) . Fissi o n yeast Rgf2p is a 
Rho1p guanin e nucle o t i d e excha n g e facto r requi r e d fo r spore wall matur a t i o n and for the maint e n a n c e of 
cell integ r i t y in the absen c e of Rgf1p . Genetics 1 8 1 . 
 
  
 
 
 
 
 
 
 
 
 
 
 
CAPÍTULO IAP TULO  
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A n t e c e d e nte s 
 
L a sínte s is de β -g lu c an o debe estar regu lada 
te mporal y espacial men t e , pa ra man ten er la integ r id ad 
celu la r duran te los camb io s morf o g en é ticos que tien e n 
lugar a lo largo del ciclo de vida de S. pombe. 
 Con obje to de iden tif ic a r nuevo s gene s que 
particip en en la bio sín tesis y regu lación del β -g lu can o, 
se obtuv ie ro n una serie de mutan te s hipe rse n s ib le s a 
los antifú ng ic os Calcof lúo r y Equin o c and ina (Car n ero 
et al., 2000 ). Ambo s comp u es to s actú an sobr e los 
políme r o s de la pare d de la levad ur a . El Calco f lúo r 
interacciona con polímeros lineales de β (1 ,3 ) y β( 1, 4) - 
gluc an o y los deso rg a n iza (Nic ho las et al., 1994 ). Las 
Equ ino cand in as son antib iótico s lip op ep tíd ico s de 
orig e n natur a l que inhib en espe c íf ic a me n te la sínte s is 
de β( 1, 3) -g lu ca n o tan to in vitro (Do ug las et al., 1994) 
como in vivo ( Ab ru zzo et al., 2000) . La base de este 
méto d o resid e en que aque llas célu la s con una pared 
defectu o s a, no podrán crecer en presen c i a de 
con cen tracio n es del antifúng ico a las que la cep a 
silvestre es perfectamente viable.  
 Uno de esto s mutan te s , ehs2-1 ( Echinocandin 
hypersensitive) es termo sensib le, cuando crece en 
medio líqu id o a 37ºC aprox imad a men te el 60% de las 
células se lisan como dobletes. Este fenotipo es 
suprimido por estabilización osmó tica.  
 Las características de este mutante sugieren un 
defe c to en la sínte s is de la pare d celu la r , hipó te s is que 
se vio confirmad a al comp r o b a r que esta cepa 
presen tab a una dismin u c ión del 50% en la activ id ad 
glucán sintasa, con resp ecto a un silvestre. 
  
T r a b a j 0 Experimen t a l 
 
1. Identificación de rgf1 +  
 En el proceso de identificación del gen afectado 
en el mutante ehs2-1 se encontraron dos ORFs 
consecutivas: rgf1 +  y rgf3 + . Ambo s genes codif ic a n 
dos prote ín as con un domin i o RhoGE F . Se descu br ió 
que rgf3 +  era el gen estr uctu r a l defectuo s o en el 
mutan te ehs2-1 , mientr a s que rgf1+  suprime 
parc ialme n te el defe c to de crecimie n t o en presencia de 
Calco f lúo r y Equino c a nd in a, pero no la lisis a 37ºC 
(Tajadura et al., 2004).  
  
2. Las células rgf1 Δ muestran defectos en 
integridad celular y crecimiento bipolar 
 La aprox imac i ó n al estud io de la func ión del 
gen rgf1 +  comen z ó con la elimin a c ió n del gen y la 
caracterización del mutante rgf1Δ. En un cultivo 
líqu ido , apro xi mad a men te el 30% de las célu la s se 
encu en tran lisad as y cuando se analiza la viab ilid ad en 
medio sólido , sólo forma n colon ia el 55%. Este 
feno tipo de lisis es similar al observ ado en un mutan te 
cond icion al de rho1 +  (Arellan o et al., 1997) , y es 
suprimido en presencia de un  estab ilizad or osmó tico en 
el med io . Esto sug ería que este mutan te podría estar 
afectado en la organiza c i ó n de  la pared celular, por lo 
que analizamos su crecimiento en presencia de 
Casp ofu ng in a (Csp ) . La cepa rgf1Δ resultó ser 
extrema d a me n t e sensibl e a este compues t o .  
 
En S. pombe la actina se organiza como cables 
long itu d in ales y como parch es situ ad o s en los sitio s de 
crecimiento (Marks and Hya m s, 1985). La activación 
de las GTPasas de la familia Rho es necesaria para el 
ensamb laj e de filamen to s con tráctiles de acto mio s in a 
en mucho s org an ismo s (Jaffe and Hall, 2005) . Para 
determin ar si Rgf1 p partic ipaba en alguno de estos 
procesos, analiza mos el patr ón de crecimiento y la 
organización del citoesquelet o de actina en el mutante 
rgf1Δ. El 80% de estas células mu estran un 
crecimiento monopolar , comparado con el 20% que 
presen ta la cepa silvestre. Ade más, esto se correlaciona 
con un defec to en la organ iz a c i ó n de los parch e s de 
actina en el polo que no está creciendo. 
 Media n te el uso de cultiv o s sinc ron iz a do s en 
fase G2, pudimo s comp robar que las células no 
pres en tan defec to s en la dinámic a de septa c ió n , pero sí 
un mayo r porcen taj e de lisis en los mo men to s prev io s a 
ésta, es decir cuando las células empiezan a crecer de 
forma bipo la r . Esto indic a que Rgf1p particip a en la 
organización del citoesqueleto de actin a, durante la 
activación del crecimiento bipolar en S. pombe. 
 
3 . Rgf1p actúa como regulador positivo de 
Rho1p 
 Vario s dato s indic a n que Rgf1p actú a como 
GEF de Rho1p:  
 -Entre tod as las GTPasas de la familia Rho , sólo 
la sobr e e xp re sió n de Rho1p fue capaz de supr imir la 
hip ersensib ilidad a Csp y la lisis de la cep a rgf1Δ. Por 
lo que Rgf1p podría actuar en la mis ma vía que Rho1p.  
 -Además, la ausencia de rgf1 +  sup ri mió 
parcialmente el defecto de crecimiento del mutante 
rga1Δ, un GAP de Rho1 p (Nak ano et al., 2001) , este 
resu ltado pod ría ind icar que Rgf1p y Rga1 p realizan 
func ion e s opu e s tas , posib le me n te actu an do amba s 
sobr e Rho1p . Para comp r ob ar lo , realiz a mo s un ensayo 
con rhotequina en el que se precipita la GTPasa Rho1p 
en su estado activ o y en presen c ia de difer ente s nive les 
de Rgf1p. De esta forma, observamos que la cantidad 
de Rho1p activo (Rho1p-GTP) es directamente 
prop or c ion a l a los niveles de Rgf1p presen tes en las 
células.  
 -Por otro lad o, med ian te un ensayo de 
co i n mu n o p r e c i p i t a c i ó n , o b s e r v a m o s q u e Rg f 1 p  
interacciona física mente c on Rho1p. Además ambas  
presen tan el mismo patrón de localización, en los polos 
de crecimie n to activ o y en el septo , forma n d o prime r o 
un anillo que se va cerrand o hasta conv ertirse en una 
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placa (Arellano et al., 1997) . Todos esto s resultad o s 
demu e s tr a n que Rgf1 p func io n a como GEF de Rho1 p 
en S. pombe. 
 
4 . La sobreexpresión de rgf1 + causa un 
aumento de la actividad β (1,3)-glucán sintasa 
 La sobre exp r es ió n de rgf1 +  es letal, las cé lu las 
presen tan una morfología aberrante, aparecien do 
c é l u l a s m á s g r a n d e s , mu l t i s e p t a d a s , y c o n 
engro s a mien to s de mater ia l de pared que se tiñ en con 
Calco f lúo r. Esto está prob a b le men te prov o ca d o por un 
aumen to de la activ id ad β (1 ,3) -g lu c án sinta sa del orden 
de 4 veces con respecto a la de la cepa silvestre. Esta 
activ id a d es aún mayo r cuan do se sobre ex pr e s an a la 
vez rgf1 +  y rho1 + . 
 
5. Rgf1p interacciona funcionalmente con 
Bgs4p y Pck1p 
 Tres de los efecto r es mej o r cono cido s de Rho1p 
son la βG S y las pro teín as quin asas C, Pck1p y Pck 2p 
(Arellan o et al., 199 9b ; Sayer s et al., 2000 ). Para 
deter min a r la posib le relac ió n de algun o de los 
efecto r es de Rho1p con Rgf1p , comp rob a mo s si la 
sobreexpresión de éstos era capaz de suprimir la 
hip ersensib ilidad a Caspo fun g in a de la cep a rgf1Δ. 
Observ a mo s que la expr e s ión moder ad a de pck1 +  era 
capa z de supr imir este defe c to . Por otro lado , de todas 
las posib les sub un id ad es catalíticas de la β GS (Bg s1-4) 
sólo bgs4 +  fue capaz de restab l e c e r el crecimi e n t o de 
las células rgf1Δ. Ademá s , el mutan te doble rgf1Δ 
cwg1-1 (afectado en el gen bgs4 + ) presen tó un feno tipo 
similar al mu tan te sen cillo cwg1-1. Lo cual podría 
indic a r que ambos genes particip a n en la misma ruta y 
que Rgf1p activa específicamente el comp le jo Rho1p-
Bg s4p . 
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Rho1p regulates cell integrity by controlling the actin cytoskeleton and cell wall synthesis. We have identified a new GEF,
designated Rgf1p, which specifically regulates Rho1p during polarized growth. The phenotype of rgf1 null cells was very
similar to that seen after depletion of Rho1p, 30% of cells being lysed. In addition, rgf1 deletion caused hypersensitivity
to the antifungal drug Caspofungin and defects in the establishment of bipolar growth. rho1, but none of the other
GTPases of the Rho-family, suppressed the rgf1 phenotypes. Moreover, deletion of rgf1 suppressed the severe growth
defect in rga1 null mutants (a Rho1-GAP, negative regulator). Rgf1p and Rho1p coimmunoprecipitated and overexpres-
sion of rgf1 specifically increased the GTP-bound Rho1p; it caused changes in cell morphology, and a large increase in
(1,3)-glucan synthase activity. These effects were similar to those elicited when the hyperactive rho1-G15V allele was
expressed. A genetic relationship was observed between Rgf1p, Bgs4p ([1,3]-glucan synthase), and Pck1p (protein kinase
C [PKC] homologue); Bgs4p and Pck1p suppressed the hypersensitivity to Caspofungin in rgf1mutants. Rgf1p localized
to the growing ends and the septum, where Rho1, Pck1p, and Bgs4p are known to function. Our results suggest that Rgf1p
probably activates the Rho functions necessary for coordinating actin deposition with cell wall biosynthesis during
bipolar growth, allowing the cells to remodel their wall without risk of rupture.
INTRODUCTION
Fission yeast cells are rod-shaped and grow in a polarized
manner at the cell ends. Immediately after cell division, the
daughter cells initiate growth in a monopolar manner from
the cell end that preexisted before cell division (the old end).
After a point in G2, cells initiate growth from the new end
(the end created by cell division) in a process known as new
end take off (NETO), so that they grow in a bipolar mode up
to mitosis (Mitchison and Nurse, 1985; Hayles and Nurse,
2001). Fission yeast is a useful model system for studying
cell wall biosynthesis and how this fits in the complex
morphogenetic processes required for the cell shape to be
attained.
The Schizosaccharomyces pombe cell wall consists mainly of
three polysaccharides, (1,3)-glucan, (1,3)-glucan, and ga-
lactomannoproteins, all of which form a large complex.
Their coordinated synthesis represents an essential step in
the assembly of a functional cell wall to ensure cell integrity
(for a review, see Duran and Perez, 2004). Among the poly-
saccharides, (1,3)-glucans are the most prevalent (50–54%
of the wall) and it is generally accepted that they are the
main structural components responsible for cell wall rigidity
(Manners and Meyer, 1977). (1,3)-glucan is the first poly-
mer to be synthesized in S. pombe regenerating protoplasts
(Osumi et al., 1989) and in the spore wall (Martin et al., 2000)
and hence the regulation of this polysaccharide may be a key
step in the sequential assembly of the other cell wall com-
ponents. The enzymatic system that catalyzes the synthesis
of this polysaccharide is (1,3)-glucan synthase (GS). GS is
composed of at least two fractions: the catalytic moiety of the
enzyme and the regulatory component. The catalytic sub-
unit of GS is encoded by at least four genes: cps1/bgs1 (Le
Goff et al., 1999; Liu et al., 2000b, 2002; Cortes et al., 2002),
bgs2 (Martin et al., 2000; Liu et al., 2000a), bgs3 (Martin
et al., 2003), and bgs4 (Cortes et al., 2005). All of them code
for essential proteins at different stages in the cellular life
cycle. In addition to the catalytic subunit, the small GTP-
binding protein Rho1p is an essential regulatory subunit
(Arellano et al., 1996; Nakano et al., 1997). Rho1 acts as a
binary switch by cycling between an inactive GDP-bound
and an active GTP-bound conformational state. Rho1p stim-
ulates GS in its GTP-bound prenylated form, providing a
rationale for an understanding of the mechanism through
which the cell can switch (1,3)-glucan synthesis on and off
by interconverting the GDP and GTP forms of Rho1p.
To maintain intracellular osmolarity and to produce cell
shapes other than spheres, cell wall expansion must be
focused on particular regions. S. pombe uses both microtu-
bules and the actin cytoskeleton for this purpose (for re-
views, see Yarm et al., 2001; Chang and Verde, 2004; Gachet
et al., 2004). It has been proposed that microtubules (MTs)
would act to localize key proteins involved in setting up
polarized growth or to localize secretion, or even to localize
actin itself to the cortex. Actin is strictly required for cell
growth and is assembled in three types of structures: acto-
myosin rings, actin cables, and actin patches. Both cables
and patches are reorganized during the cell cycle and are
focused around the areas of cell growth (Marks and Hyams,
1985). The cables serve as trackways along which both actin
patches (Pelham and Chang, 2001) and presumably also
myosin motors with their associated cargos move to the
poles or the equator for cell growth (Win et al., 2001). Actin
patches are dense membrane-associated structures possibly
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involved in localized cell wall synthesis. In fission yeast
regenerating protoplasts, their localization coincides pre-
cisely with active sites of cell wall deposition (Kobori et al.,
1989).
Rho1p provides a link between polarized growth and cell
wall biosynthesis (Arellano et al., 1997; Nakano et al., 1997),
and it belongs to a family of small GTPases that are key
regulators in morphogenesis, polarity, movement, and divi-
sion processes (reviewed in Jaffe and Hall, 2005). The fission
yeast Rho family includes Cdc42p and Rho1p through
Rho5p. Rho1p localizes to sites of polarized growth, the cell
poles, and the septum (Arellano et al., 1997; Nakano et al.,
1997) and activates the abovementioned cell wall-synthesiz-
ing enzyme GS (Arellano et al., 1996); Rho1 also regulates the
organization of F-actin patches (Arellano et al., 1997), and it
binds directly to the PKC family of protein kinases, Pck1p
and Pck2p, functioning as a positive regulator of these (Arel-
lano et al., 1999b; Sayers et al., 2000). However, little is
known about the proteins that turn Rho1p on and off in the
cell. Rho GTPase regulators such as GEFs (GDP-GTP ex-
change factors) modify the nucleotide-bound state of the
GTPase and contain protein–protein interaction domains
that could be important for GTPase localization, activation,
and stabilization, and thus for interaction with its effectors
(Gulli and Peter, 2001; Rossman et al., 2005). S. pombe con-
tains seven genes bearing a Rho-GEF domain: scd1, gef1,
gef2, gef3, rgf1, rgf2, and rgf3 (Iwaki et al., 2003). Of
these, scd1 and gef1 are Cdc42p-specific GEF(s) and Rgf3p
has been described to function as a GEF for Rho1p. rgf3 is
an essential gene and regulates cell wall -glucan biosyn-
thesis through the GTPase Rho1p, in particular during cy-
tokinesis (Tajadura et al., 2004). Previous studies have shown
that Rho1p depletion causes cell death that cannot be pre-
vented by an osmotic stabilizer (Arellano et al., 1997). How-
ever, Rgf3p depletion was prevented by 1.2 M sorbitol (Ta-
jadura et al., 2004). This intriguing phenomenon suggests
that in the absence of Rgf3p, but in the presence of an
osmotic support, Rho1p could be activated in some other
way. Accordingly, we hypothesized that this function of
Rho1p would be regulated by other GEF(s) (Iwaki et al.,
2003). Here we demonstrate that Rgf1p specifically activates
Rho1p. Our data support a model in which Rgf1p would
coordinate actin deposition at polarized sites with cell wall
biosynthesis, allowing the cells to remodel their wall with-
out risk of rupture.
MATERIALS AND METHODS
Media, Reagents, and Genetics
The genotypes of the S. pombe strains used in this study are listed in Table 1.
The complete yeast growth medium (YES), selective medium (MM) supple-
mented with the appropriate requirements and sporulation medium (MEA)
have been described elsewhere (Moreno et al., 1991). Caspofungin (Csp;
Deresinski and Stevens, 2003) was stored at 20°C in a stock solution (2.5
g/ml) in H2O and was added to the media at the corresponding final
concentration after autoclaving. Crosses were performed by mixing appro-
priate strains directly on MEA plates. Recombinant strains were obtained by
tetrad analysis. For overexpression experiments using the nmt1 promoter,
cells were grown in EMM containing 15 M thiamine up to the logarithmic
phase. Then, the cells were harvested, washed three times with water, and
inoculated in fresh medium (without thiamine) at an OD600  0.01.
Plasmid and DNA Manipulations
pYS8, containing the rgf1 ORF, was obtained by inserting a 7-kb EcoRI
fragment from cosmid C645 into pAU-KS (Tajadura et al., 2004). An XhoI-NotI
fragment from pYS8 (containing the 7-kb EcoRI fragment) was subcloned into
the XhoI-NotI sites of pAL-KS, thus affording pAL-rgf1. To tag Rgf1p at the
C-terminus with enhanced green fluorescent protein (EGFP) and with the
triple repeat of the influenza virus hemagglutinin (HA) epitope (Craven et al.,
1998), pAL-rgf1 was modified by site-directed mutagenesis. We destroyed
the NotI site at the multiple cloning site and created a NotI site by site-
directed mutagenesis just before the TAA stop codon of rgf1 (pGR41). The
GFP and HA epitopes were inserted in-frame at the NotI site of pGR41.
pGR45 (pAL-rgf1-GFP) and pGR46 (pAL-rgf1-HA) fully complemented the
rgf1 phenotypes. Strain PG40, with the rgf1-GFP integrated under its own
promoter, was constructed by subcloning the rgf1 tagged with GFP (from
plasmid pAL-rgf1-GFP) into the integrative vector pIJ148, resulting in pIJ148-
rgf1-GFP (pGR49). This plasmid was cut with Eco47III and integrated into
the leu1 locus of strain VT14. The nmt1 promoter-containing vectors pREP3X
and pREP41X (Forsburg and Sherman, 1997) were used to overexpress rho1
to rho5, cdc42, and rgf3. All GTPases of the Rho family were tagged with
two HA epitopes at the 5 end (Calonge et al., 2003). The rho overexpression
plasmids were kindly provided by P. Perez and P. M. Coll (Instituto de
Microbiologia Bioquimica, Salamanca, Spain). pAL-bgs1, pAL-bgs2, pAL-
bgs3, and pAL-bgs4 multicopy plasmids were used to overexpress the -GS
catalytic subunits, each with their own promoter. pAL-bgs1 was kindly
provided by J. C. Cortes and J. C. Ribas (Cortes et al., 2002). pAL-bgs2,
pAL-bgs3 and pAL-bgs4 have been described previously (Martin et al.,
2000, 2003; Cortes et al., 2005). To overexpress rgf1, an XhoI-SmaI fragment
containing the rgf1 gene tagged with the HA epitope from plasmid pGR46
was ligated into the XhoI-SmaI sites of plasmid pREP41X (pGR57) and
pREP3X (pGR58). pGR33 is pREP3X with an XhoI-SmaI fragment containing
the rgf1 ORF without the HA tag.
Rgf1 Deletion
The rgf1::his3 disruption construct was obtained in a two-step process. The
3-flanking region (nt 4004–5350) was obtained by PCR, inserting SalI and
ApaI sites into the same sites of the SK-his3 vector to yield pVT16. Then, a
PCR fragment of the 5 end of rgf1 (nt 1490 to 62) carrying BamHI and
NotI sites at the ends was digested with BamHI, treated with Klenow, and
then digested with NotI and ligated into the SmaI and NotI sites of pVT16 to
yield pVT2. Plasmid pVT2 was digested with ApaI and NotI, and the linear
Table 1. S. pombe strains used in this work
Strains Genotypes
YSM180 h 972
PN22 h leu1-32
GI 1 h leu1-32, ehs2-1
YS64 h leu1-32 ade6M210 ura4D-18 his3D1
HVP54 h leu1-32 ade6M210 ura4D-18
YS165 h/h leu1-32/leu1-32 ade6M210/ade6M216
ura4D-18/ura4D-18 his3D1/his3D1
VT14 h leu1-32 ade6M210 ura4D-18 his3D1rgf1::his3
VT18 h leu1-32 ade6M210 ura4D-18 his3D1rgf1::his3
PG65 h leu1-32 ade6M210 ura4D-18 his3D1rgf1::kanMX6
PG40 h rgf1::his3 his3D1 leu1-32 ade6M210 ura4D-18
leu1: rgf1-GFP
PG92 h leu1-32 ade6M210 ura4D-18
his3D1rgf1::his3crn1-GFP:KanMX6
JCR962 h leu1-32 ura4D-18 ade6 crn1-GFP:KanMX6
KNG101 h/h rga1::ura4 leu1-32 ura4-D18
ade6M216/rga1 leu1-32 ura4-D18 ade6M210
PG72 h/h rga1::ura4 rgf1::kanMX6 leu1-32 ura4-D18
ade6M216/rga1 rgf1 leu1-32 ura4-D18 ade6M210
PG73-1c rga1::ura4 rgf1::kanMX6 leu1-32 ura4-D18 ade6M216
PG74-2b rga1::ura4 leu1-32 ura4-D18 ade6M216
PG75-4c rga1 leu1-32 ura4-D18 ade6M210
PG76-5a rgf1::kanMX6 leu1-32 ura4-D18 ade6M216
MS168 h leu1-32 ura4D-18 cdc10-129
PG88 h leu1-32 ura4D-18 cdc10-129rgf1::his3
NG669 h leu1-32 ura4D-18 cdc25-22
PG43 h leu1-32 ura4D-18 cdc25-22rgf1::his3
YSM373 h/h leu1-32/leu1-32 ade6M210/ade6M216,
rgf3::ura4/rgf3 his3D1/his3D1 ura4D-18/
ura4D-18
VT128 h leu1-32 ade6M210 ura4D-18, his3DI leu1:
EGFP- rgf3
PPG217 h leu1-32 ade6M210 ura4D-18 his3D1 rho1::ura4
pREP41X-rho1
JCR132 h leu1-32 cwg1-1
PG76 h rgf1::kanMX6
PG82 h cwg1-1 rgf1::kanMX6
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DNA inserted was used to transform a diploid and a haploid strain (YS165
and YS64, respectively). Correct deletion of the rgf1 ORF was confirmed by
PCR analysis using the following oligonucleotides: M22 (5-GTGTTCGCT-
AATTGCGC-3) into the his3 gene and R23-e (5-CAAGGGTATGTG-
GTCTGG-3) downstream from the nt 5350 and therefore external to the
deletion cassette. A diploid strain heterozygous for the rgf1::his3 allele was
subjected to tetrad analysis. his/his segregation in tetrads was regular,
indicating that rgf1 is not essential for vegetative growth. Gene replacement
was also confirmed by genomic Southern blotting of a tetrad (unpublished
data). To make the rgf1::kan disruption construct (pGR59), pVT2 was cut with
SalI and SpeI (to eliminate the his3 marker) and replaced it by the kanMX6
gene from pFA6a-kanMX6, (Ba¨hler et al., 1998). Plasmid pGR59 was digested
with ApaI and NotI and the linear DNA containing the cassette was used
transform a haploid strain (YS64). rgf1::kanR disruptants were selected as
Kanamicin-resistant and Caspofungin-hypersensitive. cdc25-2 rgf1 and
cdc10-129 rgf1 mutants were obtained by genetic crosses; the offspring were
analyzed for cdc (ts phenotype) and for rgf1 kanamicin resistance and
Caspofungin hypersensitivity. cwg1-1 rgf1 mutants were obtained by genetic
cross of cwg1-1 (JCR132) and rgf1 (PG76) strains and selected from tetrads
where NPD (nonparental ditypes) were produced.
Immunoprecipitation
Rho1-GST (in pREP-KZ; a gift from P. Perez and P. M. Coll; Calonge et al.,
2003) and pREP41X-rgf1HA (pGR57) were used to cotransform leu1-32
ura4D18 S. pombe cells and protein expression was induced by growing the
cells in the absence of thiamine for 18 h. Extracts from 2  108 cells expressing
GST-Rho1p/Rgf1p-HA, GST/Rgf1p-HA, and GST-Rho1p/Rgf1p were ob-
tained using 200 l of lysis buffer (50 mM Tris, pH 7.5, 2 mM EDTA, 137 mM
NaCl, 0.5% NP-40, 10% glycerol containing 100 M p-amino-phenyl meth-
anesulfonyl fluoride, leupeptin, and aprotinin). The beads were washed four
times with lysis buffer and then resuspended in sample buffer and subjected
to 7.5% SDS-PAGE. The separated proteins were transferred electrophoreti-
cally to an Immobilon-P membrane (Millipore, Bedford, MA) and blotted to
detect Rgf1p-HA with 1:5000 diluted 12CA5 monoclonal antibody (mAb) as
primary antibody and the enhanced chemiluminescence detection kit (Amer-
sham Biosciences, Piscataway, NJ). Total Rgf1p-HA levels were monitored in
whole cell extracts (50 g of total protein) and used directly for Western blot.
Pulldown Assay for GTP-bound Rho Proteins
The expression vector pGEX-C21RBD (rhotekin-binding domain; Reid et al.,
1996) was used to transform Escherichia coli cells. The fusion protein was
produced according to the manufacturers instructions and immobilized on
glutathione-Sepharose 4B beads (Amersham). After incubation, the beads
were washed several times, and the bound proteins were analyzed by SDS-
PAGE and stained with Coomassie. The amount of GTP-bound Rho proteins
was analyzed using the Rho-GTP pulldown assay modified from Ren et al.
(1999). Briefly, wild-type, rgf1-overexpressing, and rgf1 mutant cells were
transformed with either pREP3X-HArho1 or pREP3X-HArho4 and grown
for 18 h in minimal medium without thiamine. Extracts from 108 cells were
obtained as described previously (Arellano et al., 1997), using 500 l of lysis
buffer (50 mM Tris, pH 7.5, 20 mM NaCl, 0.5% NP-40, 10% glycerol, 0.1 M
dithiothreitol, 1 mM NaF, 2 mM MgCl2, containing 100 M p-aminophenyl
methanesulfonyl fluoride, leupeptin, and aprotinin). GST-RBD fusion protein,
100 g, coupled to glutathione-agarose beads was used to immunoprecipitate
1.5 mg of the cell lysates. The extracts were incubated with GST-RBD beads
for 2 h. The beads were washed with lysis buffer four times, and bound
proteins were blotted against 1:2000-diluted 12CA5 mAb as primary antibody
to detect HA-Rho1p or HA-Rho4p. The total amounts of HA-Rho1p or HA-
Rho4p levels were monitored in whole-cell extracts (10 g of total protein),
which were used directly for Western blot and were developed with 12CA5
mAb. Immunodetection was accomplished using the ECL detection kit (Am-
ersham Biosciences).
Cell Wall Analyses
Enzyme preparations and GS assays were performed basically as described
previously (Martin et al., 2000). Cell extracts were obtained from early log-
phase cells grown in MM as indicated for each case. Standard GS assays
contained 15–25 g protein of enzyme extract (3–5 mg protein/ml) in a total
volume of 40 l and the reaction was incubated at 30°C for 60–90 min. All
reactions were carried out in duplicate and the values were calculated from
three independent cell cultures. One unit of activity was measured as the
amount that catalyzes the incorporation of 1 mol of substrate (UDP-d-
glucose) min1 at 30°C.
Microscopy Techniques
The localization of Rgf1p-GFP, Crn1p-GFP, and Atb2p-GFP was visualized in
living cells. For Calcofluor staining, exponentially growing S. pombe cells were
harvested, washed once, and resuspended in water with Calcofluor (Cfw) at
a final concentration 20 g/ml for 5 min at room temperature. After washing
with water, cells were observed under a DMRXA microscope (Leica, Wetzlar,
Germany). Actin staining was performed using AlexaFluor 488-phalloidin
(Molecular Probes, Eugene, OR).
Figure 1. Comparison of structural features of Rgf1, Rgf2, and
Rgf3 analyzed by the SMART program (Letunic et al., 2002; http://
smart.embl-heidelberg.de/). Domains are indicated: CNH, citron
homology domain; DH, Dbl homology domain conserved among
GEFs for Rho/Rac/Cdc42-like GTPases; PH, pleckstrin homology
domain; DEP, domain of unknown function present in signaling
proteins that contain PH, RasGEF, RhoGEF, RhoGAP, RGS, and
PDZ domains.
Figure 2. Growth phenotypes of rgf1 null cells. (A) Left, growth
curves of rgf1 cells (VT14) and the corresponding isogenic wild-
type cells (HVP54). Log-phase cells grown at 28°C were diluted to
the same optical density and further grown in YES medium. Right,
percentage of colony forming units (cfu) of the mutant rgf1 com-
pared with that of the wild-type isogenic strain. Cells prepared as
above were diluted and counted, and the same number of cells were
plated on YES medium and incubated for 3 d at 28°C. (B) Morphol-
ogy of rgf1 mutant. Differential interference contrast (DIC) micro-
graphs of S. pombe wild type (HVP54) and rgf1 (VT14) grown in
YES liquid medium at 28°C; in right panel, rgf1 cells were grown
in the presence of 1.2 M sorbitol for 6 h. (C) rgf1 mutant cells are
hypersensitive to Caspofungin (Csp). Equal number of wild-type
and rgf1 cells were diluted and (4  104, 2  104, 2  102, and 2 
101 cells, respectively) were spotted onto YES plates with or without
0.1 g/ml Csp (CANCIDAS). Colony formation was analyzed fol-
lowing 2–3 d of incubation at 28°C.
P. Garcı´a et al.
Molecular Biology of the Cell1622
Figure 3. Rgf1p is required for bipolar growth. (A) Actin organization in rgf1 cells. Left, early-log phase cells rgf1crn1-GFP (JCR962) and
rgf1 crn1-GFP (PG92) grown in YES liquid medium at 28°C were collected and visualized for Calcofluor (Cfw) staining and GFP
(actin-associated Crn1p) fluorescence. Cfw was added at 20 g/ml, followed by immediate examination of the cells. Note that compared with
the wild type, in the rgf1 mutant the actin patches often have a more monopolar distribution. The graphic represents the percentages of
monopolar and bipolar actin growth patterns in rgf1 (JCR962, n  203) and rgf1 cells (PG92, n  226) as examined by actin staining. Bottom
right, rgf1 cells were fixed and stained with AlexaFluor-conjugated phalloidin to stain F-actin structures. Actin cables and patches are
indicated. (B) cdc10-129 (MS168) and cdc10-129 rgf1 (PG88) grown at 25°C to OD600 0.15, shifted to 37°C for 4 h, and then grown at 25°C for
330 min. Aliquots of cells were harvested before and every 30 min after the shift to 25°C. The graphics (on the left) represents the percentage
of bipolar cells () and septa (f) at each time point. On the right the percentage of lysed cells at each time point is represented.
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RESULTS
Identification of rgf1
We originally isolated rgf1 from the S. pombe cosmid
SPCC645. In the process of cloning the gene affected in the
ehs2-1 mutation (for Echinocandin hypersensitive) we found
two ORFs: rgf1 (SPCC645.07C) and rgf3 (SPCC645.06c). Both
genes lay consecutive with divergent promoters and coded for
proteins containing a Rho-GEF domain (the acronym rgf stands
for RhoGEF). rgf3 is the gene affected in the ehs2-1 mutant,
whereas rgf1 partially suppresses hypersensitivity to Cal-
cofluor (Cfw) and Echinocandin (Ech) but does not rescue lysis
at 37°C in the ehs2-1 mutant (Tajadura et al., 2004).
The rgf1 gene encodes a protein of 1334 amino acids,
with a predicted molecular size of 150.1 kDa. Structural
analysis of Rgf1p revealed that it contains the putative Dbl
homology domain (DH; amino acid residues: aa 625-807)
and a pleckstrin homology domain (PH; aa 844-973) adjacent
to the DH domain characteristic of most Rho-GEFs. The
DH-PH tandem is responsible for the activation of Rho-
family GTPases in response to diverse extracellular stimuli
(reviewed in Gulli and Peter, 2001; Rossman et al., 2005). A
DEP (Dishevelled, Egl-10, and Pleckstrin) domain (aa 424-
497) and a CNH (Citron and NIK1-like kinase homology
domain; aa 997-1293) were also found. Their function is not
clear, but in most cases they act as regulatory domains
involved in macromolecular interactions (http://www.
genedb. org/genedb/pombe/index.jsp; Figure 1). There are
seven genes that encode a putative Rho GEF domain in S.
pombe (Coll et al., 2003; Hirota et al., 2003; Iwaki et al., 2003;
Tajadura et al., 2004); among them, the closest homolog to
rgf1 is rgf2. A computer search of the deduced amino acid
sequence showed that the identity percentage observed be-
tween Rgf1p and Rgf2p was 39.4% and this rose to 63.4%
upon comparing the GEF domains, whereas the identity
between Rgf1p and Rgf3p (whole proteins) was 16 and
22.6% in the GEF domain.
rgf1 Null Cells Show Defects in Cell Integrity Similar
to the Depletion of Rho1p
To characterize the relationship between Rgf1 and Rho pro-
teins, we carried out a series of experiments to determine
whether Rgf1p was acting upstream from any of the Rho
proteins. First, we created a strain defective in rgf1 by replacing
the rgf1 ORF with the his3 marker, as detailed in Materials and
Methods. The resulting strain, rgf1, showed a slow growth
pattern at 28°C (Figure 2A), and the viability of the rgf1 cells
was 55% compared with the wild-type isogenic strain. Curi-
ously, the growth defect was less severe when rgf1 cells were
grown at 37°C (unpublished data). We observed the morphol-
ogy in the 25–28 to 32°C temperature range and found that
regardless of the growth temperature 30–35% of the cells were
lysed, whereas the rest of the cells exhibited the wild-type
morphology (Figure 2B). The lysed cell phenotype of the rgf1
cells was similar to that observed in the ehs2-1 mutant (affected
in the rgf3 gene; Tajadura et al., 2004) and in cells depleted for
Rho1p (Arellano et al., 1997). The same phenotype has also
been reported in cells expressing the Rho1T20N dominant-
negative mutant (Nakano et al., 1997). Lysis of the rgf1 mu-
tants cells was suppressed by the addition of 1.2 M sorbitol
(Figure 2B). These phenotypes prompted us to investigate
whether the mutants had a defect in cell wall architecture. We
examined the sensitivity of rgf1 null mutants to different
concentrations of Csp (CANCIDAS, Merck), a lipopeptide an-
tibiotic that inhibits (1,3)-glucan biosynthesis (Deresinski and
Stevens, 2003). As shown in Figure 2C, rgf1 cells were unable
to grow on plates supplemented with Csp (0.1 g/ml),
whereas the wild-type cells were able to withstand concentra-
tions of up to 5 g/ml (unpublished data). These results sug-
gest that the rgf1 null mutant cells lose their integrity, probably
because of defects in cell wall biosynthesis.
The rgf1 Mutation Causes Defect in Bipolar Growth
Activation of Rho-family GTPases leads to the assembly of
contractile actin-myosin filaments (Jaffe and Hall, 2005). In
fission yeast, actin is organized as longitudinal F-actin cables
and cortical F-actin patches at the growing ends of inter-
phase cells, where the cell wall is newly synthesized (Marks
and Hyams, 1985). To determine whether Rgf1p plays a role
in any of these events, we used Crn1p-GFP (coronin), a
marker for actin patches (Pelham and Chang, 2001), and
Atb2p-GFP (alpha-tubulin 2) for microtubule observation
(Ding et al., 1998). As shown in Figure 3A, the rgf1 mutants
showed a defect in actin organization in that they organized
actin patches mostly at one end of the cell only (Figure 3A,
photos and graphic). This cell end corresponded to the
growing end in these monopolar cells as also assessed by
Calcofluor staining. Actin organization at the cell division
site and F-actin cable formation was not affected in rgf1
cells (Figure 3A). We also failed to detect any significant
interphase MTs defects (unpublished data).
We next investigated the behavior of rgf1 cells in the G2
phase of growth and wondered whether the lysed cell phe-
notype of rgf1 null mutants was due to a defect in tip
elongation. To this end, we constructed the double mutant
cdc10-129 rgf1 (see Materials and Methods) and synchronized
cells in G1 by arrest at 37°C. The areas in which new cell wall
deposition, and hence growth, was occurring were visual-
ized using the fluorescent dye Calcofluor white (Cfw).
Eighty minutes after being shifted to the permissive temper-
ature 55% of cdc10-129 cells displayed bipolar growth,
whereas only 4% of cdc10-129 rgf1 cells were bipolar (Fig-
ure 3B). At 150 min after shifting, only 14% cdc10-129 rgf1
cells were bipolar. However in both strains, septation started
and proceeded almost at the same time (Figure 3B, bipolar
and septa plots). In this situation, the percentage of lysis in
the cdc10-129 rgf1 mutant remained high (45–30%) during
the first part of the time course, when bipolar growth takes
place, and declined slightly in septating cells (25–15%; Fig-
ure 3B). In sum, rgf1 cells showed a defect in the activation
of bipolar growth that coincided with the highest percentage
of lysis.
To examine septation in rgf1 cells, we constructed the
double mutant cdc25-22 rgf1 and synchronized cells in G2
by cdc25-22 arrest at 37°C. Cells were grown at 25°C to log
phase, changed to 37°C for 4 h, and then returned to 25°C.
Aliquots were taken at different times to count cells with
septa and lysed cells. On shifting the cells to the permissive
temperature, septation was initiated at the same time in
cdc25-22 and cdc25-22 rgf1 cells. However, the second
round of septation was slightly ahead in the rgf1 strain
Figure 3 (cont). Micrographs show Cfw stained cdc10-129 and
cdc10-129 rgf1 cells 60 min after the shift to 25°C. (C) cdc25-22
(NG669) and cdc25-22 rgf1 (PG43) cells grown at 25°C to an OD600
0.15, shifted to 37°C for 4 h, and then grown at 25°C for 300 min.
Aliquots of cells were harvested before and every 20 min after the
shift to 25°C. On the left, micrographs showing cdc25-22 and
cdc25-22 rgf1 cells 100 min (top panels) and 200 min (bottom
panels) after the shift to 25°C. The graphic on the right represents
the percentage of lysis of cdc25-22-synchronized cells () or cdc25-22
rgf1-synchronized cells (f) at each time point. The septation index
of cdc25-22 rgf1 cells is shown by the dashed line (– – –).
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(unpublished data). The appearance and number of septa
were similar in both strains (Figure 3C, top panels). This
result suggested that septum formation and cell separation
proceeded normally in the absence of Rgf1p. However, re-
garding cell lysis we found a peak of broken cells in the
cdc25-22 rgf1 strain just before the second round of septa-
tion, corresponding to cells in the G2 phase (Figure 3C,
lower panels and graph). Thus, rgf1 cells display several
phenotypes that are consistent with a role of Rgf1p in actin
reorganization during activation of bipolar growth, one of
the major changes in polarized growth during the S. pombe
morphogenetic cycle.
Rgf1p Acts as a Positive Regulator of Rho1p
If rgf1 functions as a regulator of rho1, it could be ex-
pected that overexpression of rho1 would partially sup-
press the hypersensitivity to Csp as well as the lytic growth
phenotype of the rgf1 null mutant. The VT14 strain (rgf1,
leu1-32) was transformed with plasmids bearing rho1,
rho2, rho3, rho4, rho5, and cdc42 under the control of
the nmt1 promoter or with an empty vector (pREP3X) as a
control. As shown in Figure 4A, the Csp hypersensitivity of
the rgf1 mutant was suppressed by rho1 in minimal me-
dium without thiamine (promoter on). In minimal medium
with thiamine (promoter off), no suppression was observed.
None of the other genes was able to suppress the hypersen-
sitivity of rgf1; this being consistent with the idea that rgf1
could act in the same pathway as rho1 (Figure 4A). Over-
expression of rho2 in wild-type cells is lethal (Hirata et al.,
1998), whereas overexpression of rho1 alone rendered the
wild-type cells more sensitive to Papulacandin B (Arellano
et al., 1996). To avoid problems related to overexpression, we
repeated the complementation experiment with the GTPases
driven by the 41nmt promoter (medium level). In this situ-
ation rho1 and rho2 constructs produced cells that exhib-
ited wild-type morphology, however, except for rho1, no
complementation of the hypersensitivity to Csp was found
either (unpublished data). Cells that overexpressed rho1
from a multicopy plasmid, under the control of its own
promoter behaved as wild-type cells regarding growth ei-
ther with or without Csp (unpublished data). Interestingly,
this construct, fully suppressed the rgf1 mutant hypersen-
sitivity to Csp (Figure 4B) and cell lysis.
To gain further evidence that Rgf1p was a GEF for Rho1p,
we tested whether an rgf1 null mutation was able to coun-
teract a mutation in Rga1p, a protein with GAP activity
toward Rho1p and hence a negative regulator (Nakano et al.,
2001). Lack of Rga1p produces small colonies and the cells
show a swollen, multiseptated or branched shape; a pheno-
type similar to that seen in cells in which Rho1p is exces-
sively activated (Figure 4C; Nakano et al., 2001). We replaced
the rgf1 gene with the his3 marker in a diploid strain,
rga1/rga1, and the rgf1, rga1, rgf1rga1 segregants
from 16 tetrads were analyzed. We found that the
rgf1rga1 cells formed regularly sized colonies, like rgf1
cells (unpublished data). When rgf1, rga1, rgf1rga1
strains (respectively) were streaked out on rich medium
(YES) at 28°C, the rga1 cells were severely impaired for
growth, whereas rgf1rga1 exhibited a better growth pat-
tern and resembled rgf1 cells. The rounded and branched
shape seen in the rga1 mutant cells returned to the wild-
type morphology in the double mutant rgf1rga1 cells
(Figure 4C). Thus, rgf1 and rga1 indeed appear to antag-
onize each other, presumably acting on the same Rho-like
GTPase.
Rgf1 Associates with Rho1p in S. pombe Cells and
Promotes the GDP-GTP Exchange
To examine whether there was a direct interaction between
Rgf1p and Rho1p in S. pombe cells, we performed coprecipi-
tation experiments. We coexpressed HA-epitope–tagged
Rgf1 protein (Rgf1-HA) together with either GST-Rho1 or
GST in S. pombe cells. Cells were lysed, and the supernatant
fractions of the lysates were incubated with glutathione-
Sepharose beads to isolate GST complexes, which were an-
alyzed by immunoblotting. As shown in Figure 5A,
Figure 4. Rgf1p acts as a positive regulator
of Rho1p. (A and B) The Caspofungin-hyper-
sensitive growth phenotype of rgf1 mutants
is suppressed by overexpression of rho1.
HVP54 (rgf1) was transformed with pREP3X
(empty vector), and VT14 (rgf1) was trans-
formed with pREP3X-rho1 (rho1), pREP3X-
rho2 (rho2), pREP3X-rho3 (rho3), pREP3X-rho4
(rho4), pREP3X-rho5 (rho5), pREP3X-cdc42
(cdc42), and pREP3X (empty vector). Trans-
formants were spotted onto MM, MM plus
thiamine, MM plus 2 g/ml Caspofungin
(Csp), and MM plus thiamine and 2 g/ml
Csp plates as serial dilutions (4  104 cells in
the left row and then 2  104 cells and 2  102
in each subsequent spot) and incubated at
28°C for 3 d. (B) HVP54 (rgf1) was trans-
formed with pAL (empty vector) and VT14
(rgf1) was transformed with pAL-rho1
(rho1) and pAL (empty vector). Serial dilu-
tions of the transformant cultures were spot-
ted onto MM and MM plus 2 g/ml Csp
(from left to right 4  104, 2  104, 2  103, 2 
102, 2  10) and incubated as above. (C) De-
letion of rgf1 suppresses the growth defect in
rga1 cells. Wild-type (wt) (PG75-4c), rgf1 (PG76-5a), rga1 (PG74-2b), and rgf1rga1 (PG73-1c) segregants were streaked onto YES medium
and incubated at 28°C for 3 d. rgf1rga1, but not rga1, cells grew as wild-type cells. DIC (differential interference contrast) images of (wt)
(PG75-4c), rga1 (PG74-2b), rgf1rga1 (PG73-1c)—from micromanipulation plates—grown in YES liquid medium at 28°C for 8 h are shown
in the bottom panel.
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Rgf1-HA was found to be associated with GST-Rho1, but not
with GST.
To further investigate the possible role of Rgf1p as a
Rho1p activator, we analyzed the in vivo amount of GTP-
bound Rho1p in cells with different amounts of Rgf1p. rgf1
mutant cells carrying the control plasmid pREP4X and wild-
type cells carrying either pREP4X or pREP4X-rgf1 were
transformed with pREP3X-HA-rho1. After induction of the
nmt1 promoter for 18 h, the amount of Rho1p bound to GTP
was analyzed by precipitation with GST-C21RBD, the rho-
tekin-binding domain (which had previously been obtained
and purified from bacteria) and blotting with anti-HA anti-
body (Figure 5B). Western blots of whole extracts (25 g
protein) showed that the total amount of Rho1p was similar
in all three strains with different amounts of Rgf1p (Figure
5B). The amount of active Rho1p increased considerably in
the strain overexpressing Rgf1p compared with the wild-
type strain. Moreover, only a minor amount of GTP-Rho1p
was detected in the strain lacking Rgf1p. As a control, we
also analyzed the amount of GTP-bound Rho4p in rgf1,
wild-type, and cells overexpressing rgf1 (Figure 5B, bottom
panel). These cells were transformed with the plasmid
pREP3X-HA-rho4 and GTP-bound Rho4p was pulled
down from the extract by binding to GST-C12RBD. No
changes in the level of Rho4p bound to GTP were observed
among the three strains (Figure 5B). These results provide
evidence that Rgf1p interacts with Rho1p and acts as a
specific Rho1p activator in S. pombe. To examine whether the
GEF domain was essential for Rgf1p function, we created a
deletion mutant in the RhoGEF domain of Rgf1p (rgf1-
PTTR; Figure 5C). The DH domain contains three con-
served blocks of sequences that have previously been re-
ferred to as conserved regions 1–3, or CR1–3. These three
conserved regions form three long helices, H1a, H2b, and
H8, which pack together to form the core of the DH domain.
The four amino acids that were deleted in the rgf1-PTTR
mutant (proline-threonine-threonine-arginine, PTTR) have
been predicted to be located on helix H8 (CR3), which is the
most highly conserved region of the DH domain and where
many mutations that decrease nucleotide exchange activity
map (Liu et al., 1998; Soisson et al., 1998). Moreover, a single
change from a proline to a serine in that conserved region of
Rgf3p is responsible for the thermosensitive lytic phenotype
in the ehs2-1 mutant (Tajadura et al., 2004). We found that the
rgf1-PTTR mutant integrated in a single copy in rgf1
strain maintained the lytic and the Csp-hypersensitive phe-
notype of the rgf1 null mutants, thus supporting the hy-
pothesis that Rgf1p acts as a GEF.
rgf1 Overexpression Causes Aberrant Morphology and
Increases (1,3)-glucan Synthase Activity
It has previously been reported that overexpression of rho1
or constitutively active rho1 mutants from the strong nmt1
promoter causes an aberrant morphology in S. pombe cells
(Arellano et al., 1996; Nakano et al., 1997). If rgf1 functions
as a positive regulator of Rho1p, overexpression of rgf1
would be expected to produce phenotypes similar to that of
Rho1-overexpressing cells. The rgf1 gene was cloned under
the thiamine-repressible nmt1 promoter in the pREP3X vec-
tor. When thiamine was eliminated to enhance rgf1 expres-
sion, the cells were unable to grow on plates (unpublished
data). After 18 h of induction, cells were larger than the
wild-type, round, or misshapen, with abnormal septa. These
cells also showed a general increase in Cfw fluorescence,
some containing aberrant depositions of Cfw-stainable ma-
terial (see cells marked with an arrow and enlarged cells in
Figure 6A).
Figure 5. Rgf1p is a specific Rho1-GEF. (A) Coprecipitation of
Rgf1p and Rho1p. Cell extracts from cells expressing, GST and
Rgf1p-HA; GST-Rho1p and Rgf1p, and GST-Rho1p and Rgf1p-HA
were precipitated with glutathione beads and blotted against 12CA5
monoclonal anti-HA antibody (top). Western blot with anti-HA
antibody was performed on total extracts to visualize total
Rgf1p-HA levels (bottom). (B) In vivo, the Rgf1p level modulates
the amount of GTP-bound Rho1p. Wild-type (YS64) cells expressing
pREP4X or pREP4X-rgf1, and rgf1 (VT14) mutant cells were trans-
formed with either pREP3X-HA-rho1 or pREP3X-HA-rho4. GTP-
Rho1p or GTP-Rho2p were pulled down from the cell extracts with
GST-C21RBD and blotted against 12CA5, anti-HA mAb. Total HA-
Rho1p and HA-Rho4p was visualized by Western blot. (C) Align-
ment of predicted amino acid sequence at the CR3 region of Rgf1p
with the corresponding region of proteins with a Rho-GEF domain
found in S. pombe. Multiple sequence alignments were performed
using the ClustalW program. The amino acids deleted in the rgf1-
PTTR mutant are marked with “black caps” over the predicted
amino-acid sequence of Rgf1p. The proline (P) mutated in the rgf3
mutant (ehs2-1) is also highlighted and signaled by an arrow. As-
terisks indicate identical amino acids among all identified gene
products. (.) and (:) indicate well- and highly-conserved amino
acids, respectively.
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As expected, GS activity increased during rgf1 overex-
pression. This activity was fourfold higher than that ob-
served in the wild-type strain (Figure 6B). To corroborate
these results, we also studied the activity in cells that over-
expressed rho1 and rgf1 at the same time (transformed
with pREP3X-rho1 and pREP4X-rgf1 plasmid). As described
previously, cells overexpressing rho1 showed an increase
in GS activity (Figure 6B; Arellano et al., 1996). This increase
was considerably (10-fold) higher in cells that overexpressed
rgf1 at the same time (Figure 6B). These results clearly
indicate that Rgf1p is involved in the regulation of (1,3)-
glucan biosynthesis.
Genetic Evidence that Rgf1p Interacts Functionally
with Bgs4p and Pck1p
It is known that Rho1p functions by activating -glucan
biosynthesis, but the issues of which of the GS catalytic
subunits it activates, remain unclear. In a previous work, we
reported that a mutation in rgf3 (ehs2-1 mutation) was
suppressed by bgs3, one of the putative (1,3)-GS subunits.
Multiple copies of bgs3 complemented the hypersensitivity
to Ech and Cfw but not the temperature-sensitive phenotype
(Martin et al., 2003). To define a possible relationship be-
tween Rgf1p and known Rho1p effectors, we first tested
whether overexpression of any of the -GS subunits could
suppress the hypersensitive phenotype of the rgf1 mutants.
The rgf1 strain VT14 was transformed with the high-copy
number plasmids pAL-bgs1, pAL-bgs2, pAL-bgs3, and
pAL-bgs4, and transformants were monitored for growth
in Csp. As shown in Figure 7A, only a moderate expres-
sion of bgs4 restored growth of an rgf1 mutant in the
presence of the antifungal agent. We also examined the
consequences of overexpressing rgf1 in cwg1-1 cells, which
hold a nonlethal thermosensitive mutation in the essential
bgs4 gene (Cortes et al., 2005). When the cwg1-1 strain was
transformed with the rgf1 gene driven by the nmt1 pro-
moter, neither the pREP3X-rgf1 with thiamine (promoter off)
nor the same without thiamine (promoter on) suppressed
lysis at 37°C of cwg1-1 cells (unpublished data). In addition,
rgf1 cwg1-1 cells were phenotypically similar to cwg1-1
(bgs4) cells at 37°C (Figure 7B). This finding, combined with
the above observations, suggests that Rgf1p specifically ac-
tivates the Rho1p-Bgs4p GS complex.
Another target of Rho1p in S. pombe are the PKC homo-
logues Pck1p and Pck2p; Both genes—pck1 and pck2—
share overlapping roles in cell viability and partially com-
plement each other (Toda et al., 1993); Pck2p also plays a role
in the regulation of the (1,3)-GS membrane component
(Arellano et al., 1999b). Because overexpression of Rho1p
suppresses hypersensitivity to Csp in rgf1 mutants, we
asked ourselves whether the overexpression of either Pck1p
or Pck2p might function in a similar way. The rgf1 strain
VT14 was transformed with the high-copy number plasmids
pDB248-pck1and pDB248-pck2 (Toda et al., 1993), and
transformants were monitored for growth on Csp. As shown
in Figure 7C, only a moderate expression of pck1 restored
growth of an rgf1 mutant in the presence of the antifungal
agent.
Rgf1p Localizes to One or Both Poles during Cell
Growth and to the Contractile Ring and Septum
during Cytokinesis
To determine the subcellular localization of Rgf1p, the cod-
ing sequence of the green fluorescence protein (GFP) was
fused in-frame before the rgf1 stop codon. The GFP-rgf1
rgf1 strain (GFP at amino acid 1334, integrated in single
copy, with its own promoter and in the absence of original
rgf1 gene) completely restored the wild-type phenotype to
rgf1 mutant cells. The cells were visualized using GFP
fluorescence in order to detect Rgf1p and by Cfw staining.
Rgf1p was found to localize to the growing ends and septum
along the mitotic cycle, overlapping with Cfw staining (Fig-
ure 8A). When cell growth began, Rgf1p accumulated at the
old growing end. During bipolar growth, Rgf1p also local-
ized to the opposite pole. Finally, the GFP disappeared from
both poles and localized only to the middle of the cell,
concentrating as two faint dots on either side of the emerg-
ing septum. The GFP then moved to the inner border of the
growing septum, forming a ring that moved centripetally
with the edge of the growing septum (Figure 8B). After the
septum wall had been completed, the GFP appeared in two
separate bands (unpublished data). During cell division,
Rgf1p remained on both sides of the septum until the two
daughter cells were ready to separate or had already done
so. To confirm these observations, confocal microscopy was
used. The results of the 3-D reconstruction of the green
fluorescence indicated that during septum formation Rgf1p-
GFP was localized to a platelike structure; fluorescence was
Figure 6. Phenotypes of Rgf1p overexpression (OP). (A) Overex-
pression of rgf1 causes cell growth arrest and an abnormal accu-
mulation of cell wall material. DIC and Calcofluor-stained UV mi-
crographs of wild-type cells transformed with pREP3X (empty
plasmid) or pREP3X-rgf1 (Rgf1-OP) grown without thiamine for
18 h. (B) In vitro glucan synthase (GS) activity assayed with the
membrane fraction of wild-type cells (HVP54) transformed with
pREP3X (empty plasmid), pREP3X-rgf1 (Rgf1-OP), pREP3X-rho1
(Rho1-OP), or both pREP4X-rgf1 and pREP3X-rho1 (Rgf1-OP and
Rho1-OP). Extracts were prepared from cells grown in MM without
thiamine at 32°C for 18 h. Specific activity is expressed as milliunits
mg1 protein. Values are means of at least three independent ex-
periments with duplicated samples, and error bars represent SDs.
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ring-shaped in the first stages, and as the ring was closing
the fluorescence remained behind the edge and ended up
distributed as a division plate (Figure 8C).
Rgf1p localized to growing areas (septum and poles) and
played an important function during bipolar growth; Rgf3p
localizes and functions specifically during cytokinesis (Taja-
dura et al., 2004). We therefore investigated whether the role
of Rgf1p in the regulation of Rho1p was overlapping that of
Rgf3p. Previous work had shown that moderate expression
of rgf1 did not suppress lysis at 37°C of the rgf3 mutant
(ehs2-1; Tajadura et al., 2004). We wondered if the opposite
was also true; whether overexpression of rgf3 was able to
suppress the hypersensitive phenotype or the lysis of the
rgf1 strain. rgf3, driven either by its own promoter or by
the nmt1 promoter, was not able to suppress the hypersen-
sitivity in the presence of Csp nor the lysis of rgf1 cells.
Moreover, disruption of rgf1 in an rgf3 mutant (ehs2-1)
produced viable cells at 28°C but not at 37°C, the tempera-
ture at which both mutants were able to grow on plates
(unpublished data). These result support the hypothesis that
Rgf1p and Rgf3p are not functionally interchangeable. Pre-
vious studies (Iwaki et al., 2003; Tajadura et al., 2004) and our
own results suggest that both Rgf3p and Rgf1p are GEFs of
Rho1p. The experiments reported here indicate that Rgf1p
activates a Rho1p pathway (Rho1p-Bgs4p) other than that
activated by Rgf3p.
DISCUSSION
Guanine nucleotide exchange factors (GEFs) are directly
responsible for the activation of Rho-family GTPases in re-
sponse to diverse stimuli and ultimately regulate many cel-
lular responses such as proliferation, differentiation, and
movement (Rossman et al., 2005). Seven Rho-GEFs belong-
ing to the Dbl family of proteins have been identified in S.
pombe (Iwaki et al., 2003). Here we studied the Rho-GEF,
designated Rgf1, which like other Rho-GEFs contains the
DH-PH tandem motifs required to activate Rho proteins
(Schmidt and Hall, 2002).
Here we have shown that Rgf1p is likely to be a GEF for
Rho1p. rgf1 cells are defective in cell integrity and lyse with
a phenotype similar to cells devoid of Rho1 or Pck1/2 ac-
tivity. Moreover, mutants lacking rgf1 display a defect in
actin organization and in -glucan biosynthesis. The fact
that both processes are controlled by Rho1p suggests that
the main function of Rgf1p would be to regulate this GT-
Pase. Consistent with this idea, the hypersensitivity to Csp
and the lytic phenotype were suppressed by overexpression
of rho1 but not other rho genes. Additionally, we provide
genetic and biochemical evidence to support the view that
Rgf1p interacts functionally with and acts as a positive reg-
ulator of Rho1p: 1) Deletion of rgf1 suppresses the slow
growth defect of a null mutant in the rga1 gene, encoding
a GTPase-activating protein for Rho1 (Nakano et al., 2001).
This finding suggests that Rgf1 may play a role antagonistic
to that of Rga1p GAP. 2) Rgf1p specifically coprecipitated
with Rho1p, and the level of Rgf1p modulated the level of
GTP-Rho1p in vivo. 3) Overexpression of rgf1 was lethal
and caused a phenotype similar to that of the constitutively
active allele Rho1G15V in wild-type S. pombe cells, whereas it
was not deleterious when overexpressed in a GTPase-defi-
cient Rho1p strain (Rho1F85I; S. Rinco´n and P. Pe´rez, un-
published data). Furthermore, we found that the GEF do-
main of Rgf1p was essential for its function; a deletion
mutation in a highly conserved region of the Rgf1p-DH-
domain produced a lack of function phenotype. We also
found that a functional GEF domain was not necessary for
its localization, because the mutated protein tagged with
GFP localized correctly (unpublished data).
In S. pombe, Rho1p signaling is required to maintain cell
integrity, regulating the biosynthesis of (1,3)-glucan and
the cell wall in general, and it is also required for actin
polymerization. The experiments reported in this study in-
dicate that rgf1 is involved in the regulation of cell wall
biosynthesis. rgf1 mutant cells were unable to grow at
50-fold lower concentrations of the antifungal drug Csp than
wild-type cells and showed a lytic phenotype that could be
rescued by the presence of 1.2 M sorbitol. Cells that overex-
pressed rgf1 showed aberrant depositions of Cfw-stainable
material, accompanied by a GS activity that was 5-fold that
of wild-type cells. Furthermore, cells overexpressing rgf1
together with rho1 showed a huge increase in GS activity
(approximately 7- to 10-fold) compared with the wild-type
level. Even without GTP added to the reaction, the GS
Figure 7. The Caspofungin-hypersensitive growth phenotype of
rgf1 mutants is suppressed by overexpression of bgs4 and pck1.
(A) HVP54 (rgf1) was transformed with pAL (empty vector) and
VT14 (rgf1) was transformed with pAL (empty vector), pAL-bgs4
(bgs4), pAL-bgs3 (bgs3), pAL-bgs2 (bgs2), and pAL-bgs1 (bgs1).
Transformants were spotted onto MM and MM plus 2 g/ml Csp
plates as serial dilutions (8  104 cells in the left row and then 4 
104, 2  104, 2  103, 2  102, and 2  101 in each subsequent spot)
and incubated at 28°C for 3 d. (B) PG76 (rgf1), JCR132 (cwg1-1), and
PG82 (rgf1 cwg1-1) cells derived from a cross between strains PG76
(rgf1) and JCR132 (cwg1-1) were grown to log phase in rich me-
dium at 28°C, shifted for 4 h to 37°C, and then visualized under
differential interference contrast (DIC) microscopy. The relevant
genotype of each strain is indicated at top of each panel. (C) HVP54
(rgf1) was transformed with pDB248 (empty vector) and VT14
(rgf1) was transformed with pDB248 (empty vector), pDB248-pck1
(pck1), and pDB248-pck2 (pck2). Transformants were spotted onto
MM and MM plus 2 g/ml Casp plates and processed as in A.
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activity of cells that overproduced rgf1 was 20 times higher
than in the wild type, indicating that an excess of Rgf1p had
raised the intracellular pool of GTP-bound Rho1p (already
activated). Furthermore, our results suggest that Rgf1p
would activate the -GS complex containing the catalytic
subunit Bgs4p. Rgf1p, Rho1p, and Bgs4p localize to growth
areas, the septum and the poles (Arellano et al., 1997; Cortes
et al., 2005). Individual mutants (in rgf1 and bgs4) showed
similar cell wall–related phenotypes (lysis and hypersensi-
tivity to antifungal drugs), and the double mutant rgf1
cwg1-1 was very similar to bgs4 (cwg1-1) single mutant.
Moreover, overexpression of bgs4 suppressed the rgf1
hypersensitive phenotype.
The interaction observed between Rgf1p and Pck1p is
more intriguing because the role of Pck1p in cell wall integ-
rity remains to be established. The patterns of cell wall
regulation by Pck1p and Pck2p seem to be different. pck1,
but not pck2, cells are hypersensitive to Ech and additional
copies of Pck2p cannot suppress this phenotype (Arellano
et al., 1999b), suggesting that in the absence of Pck1p the
genes specifically involved in protection against antifungal
drugs cannot be turned on. The fact that multiple copies of
pck1 (with its own promoter) are able to suppress Csp
hypersensitivity in rgf1 mutants is in agreement with the
notion of Pck1p kinase being an effector of Rho1p and sug-
gests that Pck1p would be necessary for the activation of
genes (probably bgs4 or other GS) in response to signaling
after cell wall damage. In fact, mild overexpression of either
bgs4 (our unpublished observations), bgs1 or bgs2 (Arel-
lano et al., 1999b) was able to suppress the hypersensitive
phenotype of pck1 mutants.
Activation of Rho family GTPases leads to the assembly of
contractile actin:myosin filaments (Jaffe and Hall, 2005). In S.
pombe, actin patch disassembly is one of the effects of Rho1p
depletion. Interestingly, rgf1 cells showed a defect in the
actin reorganization required for the transition from mo-
nopolar to bipolar growth. Among the genes required for
NETO, tea1 plays a critical function; the most penetrant
phenotype of tea1 mutants is their failure to initiate growth
at the new cell tip, such that these cells only grow in a
monopolar manner (Verde et al., 1995; Mata and Nurse,
1997). Tea1p has been found to form a large protein com-
plex; during NETO, the tea1p-complex at the cortex interacts
with formins (and probably other polarity factors), trigger-
ing actin cable assembly and polarized cell growth (Martin
et al., 2005). In a tea1 mutant, Rgf1p was not maintained at
one of the new cell ends, and the cells did not grow at that
end (unpublished data). Rgf1p may function downstream
from Tea1p, because Tea1p is required to recruit Rgf1p to a
new end. The identification of proteins that directly interact
with Rgf1p will be necessary to understand how Rho1p
participates in the transition in which monopolar cells initi-
ate bipolar growth.
Mutants defective in monopolar growth, tea1, tea4, and
bud6, grew at wild-type rates. However, a novel aspect of
the rgf1 mutants is that their failure to initiate bipolar
growth was accompanied by cell lysis. In a cdc10-129 rgf1
mutant, which at the restrictive temperature arrested in G1,
before the activation of bipolar growth, 45% of the cells
lysed 30 min after release from the restrictive temperature,
whereas in a cdc25-22 rgf1 mutant, which at high temper-
ature arrested in G2 with both ends growing, the highest
percentage of lysis (55%) after release was seen after the first
round of septation, coinciding in time with bipolar growth
activation. Our current model is that activation of Rho1p,
and in consequence -GS activation, during bipolar growth
is not achieved properly in rgf1 mutants, producing cell
wall weakness. To our knowledge, rgf1 is the first gene that
Figure 8. Rgf1p localizes to the growing re-
gions: one or both poles, the medial ring, and
the septum. (A) Rgf1p-GFP localization at dif-
ferent stages of the cell cycle. Early log phase
cells containing the rgf1-GFP fusion allele
were visualized for GFP fluorescence and Cfw
staining. Cfw was added at 20 g/ml, fol-
lowed by immediate examination of the cells
(bottom panel). (B) Magnification of Rgf1p-
GFP localization to the medial ring and along
the plasma membrane during septum forma-
tion. The cells shown were chosen from
among a population of 50 dividing cells. (C)
Three-dimensional reconstruction of Rgf1p lo-
calization. Cells containing the rgf1-GFP fu-
sion allele observed under a confocal micro-
scope and z-sections of 0.3 mm were taken.
The image was reconstructed using LMS510
software.
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has been implicated in cell wall biogenesis and NETO and
might well provide a link between these two processes.
Rgf1p is the second exchange factor identified for Rho1p.
Why does Rho1p have multiple GEFs? A similar situation
has been described for mammalian cells, where the number
of Rho-GEFs (69 members) exceeds the number of Rho-
type GTPases (so far 22 members; Rossman et al., 2005). An
attractive hypothesis is that the GEF could determine the
downstream signaling specificity of Rho GTPases. This has
been suggested for Ras signaling in fission yeast, where two
GEFs, Ste6p and Efc25p, differentially regulate two Ras path-
ways (Papadaki et al., 2002). In agreement with such a hy-
pothesis, we propose that Rgf1p would specifically activate
the Rho1-GS complex during the transition from monopolar
to bipolar growth, whereas Rgf3p, the former Rho1-GEF,
would accumulate at the contractile ring, probably activat-
ing the Rho functions that coordinate cell-wall biosynthesis
to maintain cell integrity during septation (Tajadura et al.,
2004). Moreover, our results suggest that Rho1-GEFs, Rgf1p
and Rgf3p, are not functionally interchangeable; each single
rgf1 and ehs2-1 mutant was able to grow on plates at 37°C,
whereas the double rgf1 ehs2-1 mutant was not.
In conclusion, here we provide evidence that Rgf1p is a
new Rho1-GEF that participates in the regulation of bipolar
growth and we propose that Rgf1p may coordinate a growth
polarity transition with cell wall biosynthesis to prevent
losses of cell integrity and allow cell expansion.
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La proteína Rgf1p participa en el establecimiento del L t ín Rgf1 t n l t l nt d l
crecimiento bipolar en S. pombent l n .  
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 En el cap ítulo anterior de esta me mo ria 
desc r ib imo s la función de Rgf1p en el estable c i mie n to 
del crecimiento bipolar durante NETO. Nuestr os 
resu ltado s sug ieren que Rgf1 p particip a en la 
coordinación entre el creci miento polarizado y la 
sínte s is de la pared celu la r. Cuando falta Rgf1 p no se 
produce crecimiento bipolar en un gran porcen taje de 
células, por lo que en esas condiciones las células 
podrían ser más suscep tib les a la lisis y perd er la 
integ r id ad. 
 Para estu d iar con más detalle la particip ación de 
Rgf1 p en este proc e so , realiza mo s una serie de 
exper imen to s que se reco g en en este segu ndo capítu lo . 
 
2.1. Patrón de crecimiento de las células rgf1 Δ 
 El Calcofluor-white se une pref e r en temen t e a 
los lugares de crecimie n t o activo de la célula, por lo 
que lo utilizamo s normal m en te para sab er por dónde 
crecen las células en un momento determin a d o del 
ciclo. En el caso del mutante rgf1Δ la tin ción con 
Calco f lúo r mues tr a un 80% de célula s monopo lar e s , 
pero no nos permi te sabe r cuál de los dos polo s de la 
célula está inactivo, si es el antiguo que ya estaba en la 
célula madre , o es el nuevo que acaba de forma r s e en 
el mo men to de la div isión . Para cono cer el patrón de 
crecimiento de las células rgf1Δ, realizamos un ensayo 
de “ time lapse”, que consiste en fotograf iar las células 
secuen c i a l men t e con un micros co p io óptico cada cierto 
tie mp o , de forma que se pued an super pon er las 
imágen e s obteni d a s y ver el crecimie n t o . Hicimo s 
foto s cada 5 min. dura n te 2-4 hora s y observ a mo s que 
en la cepa silvestre el 85% de las células crecen 
prime r o sólo por el polo viej o y despu é s activ an el 
polo nuevo (cre c imie n to bipo lar ) . El otro 15% no 
activ a el polo nuevo en ningún mo men to ( Figura 14 ) .  
  En la cepa rgf1Δ, las dos células hijas 
resu ltan te s desp u és de la divis ió n sólo crece n por el 
polo viejo y nunc a activ an el crec i mie n to del polo 
nuevo (66% en n=50 célu la s) . Este resu ltó ser el patró n 
mayo r itar io , sin emba r go , en otro grupo de célu la s 
(23%), una de ellas crecía por el polo antiguo, mientras 
que la otra lo hacía por el nuev o ( Figura 14 ). Este tip o 
de crecimie n t o aberrant e también se ha observado en 
otros mutantes afectados en NETO , como tea1Δ, bud6
Δ y for3Δ ( Ch ang and Verd e, 200 4) . En el caso de 
bud6Δ la mayoría de las células muestran un patr ón de 
crecimiento similar al de rgf1Δ, ya que crecen sólo por 
el polo antigu o. Sin emba r go , en los mutan te s tea1Δ de 
las dos célu las hij as una crece por el polo viej o y la 
otra por el nuevo. Además , existe un tercer patrón 
aberrante observado en el mutante nulo for3Δ, en el 
que una de las célu la s resu ltan te s después de la 
divis ión crec e sólo por el po lo viejo, mientras que la 
otra presenta un crecimiento bipolar desd e el prin cipio 
(Chan g and Verd e, 2004 ) .  
 
2.2. La localización de Rgf1p en los polos 
depende de la actina 
Co mo ya vimo s en el Cap ítu lo I, Rgf1p se 
localiza en el septo y en los polos celulares. Su 
localización en los polos parece coin cidir con la  
existenc i a de crecimi e n t o en esos lugares. Para 
comp rob arlo, utiliza mo s dos mutan tes termo sen sib les 
( cdc10-129 y cdc25-22 ) que a 37ºC detien en su 
c r e c i m i e n t o e n G 1 y G 2 , r e s p e c t i v a m e n t e . 
Cons tr u imo s cepa s con cada una de estas muta c io n es y 
el gen rgf1 +  marc a d o con GFP (inte gr a do en el 
genoma) y observamos la lo caliz a c i ó n de la proteín a 
Figura 1 4 : 
Patrón de crecimiento de las 
células rgf1 Δ . En la parte 
supe ri o r se mues t ra n los 
esqu e mas de los patro n e s de 
creci mi e n t o de la cepa silve s t r e 
(wt) y de tres muta n t e s nulos 
af ectad o s en NETO, bud6Δ, 
tea1Δ y  for3Δ La flecha roja 
indic a el creci mi e n t o que se da 
en pri me r lug a r y la azu l 
secu n d a ri a me n t e . En la parte 
infer i o r se detal l a n los 
porc e n t a j e s de célul a s que 
pres e n t a n cada uno de los 
patro n e s de creci m i e n t o ,  en las 
cepas wt y rgf1Δ. Ta mb ién se 
mu est r a n dos imág e n e s 
resu l t a n t e s de la supe rp o s i c i ón 
de varia s foto g ra f í a s 
secue n c i a l e s de célul a s rgf1Δ, 
en las que se pued e obse rv a r 
los dos patro n e s de crec i mi e n t o 
ma yo ritarios en este mutante. 
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Rgf1 p. En célu las cdc10-129 a 37ºC (crecimiento 
parado en G1), vimo s que Rgf1p se loca liza 
exclusiv amente en un polo, el que presen ta 
crecimiento. Sin embargo, en las células  cdc25-22 
d e ten id as en G2, Rgf1p se obser v a en ambos polo s , ya 
que ambo s están crec ie nd o (dato s no mostr a d o s) .  
 
 Nos preg untamo s si la localización de Rgf1p  
depende del citoesqueleto de actina, y si éste es 
necesa r io para que Rgf1p se trasla d a se al polo nuevo. 
Para ello , tratamo s las cé lu las del mutan te cdc10-129 
( con Rgf1p marcad a con GFP) con Latrun cu lin a A. 
Esta drog a secu estra los monó mero s de actin a, de 
forma que pode mo s ver si existe algun a difer e n c ia en 
la localización de Rgf1p, en presencia o ausencia de un 
citoesqueleto de actina co rrectamente polimerizado. 
Sinc ron iz a mo s las célula s , incub án do las a 37ºC 
durante 3 horas (parad a en G1), después añad imos 
Latrun cu lin a A (50 μM) y las incub a mo s a 25ºC para 
permitir que con tinu aran su ciclo de vid a. En las 
célula s sin trata r , Rgf1p -G FP es bipo lar desp u és de 45 
min. a 25ºC. Sin embargo, en las células tratadas no 
hay fluo r escencia en el polo nuevo , y curiosamen te la 
localiz a c i ó n de Rgf1p en el polo antiguo desapa r e ce 
( Figura 15 ) . Ta mb ié n hemo s visto que la locali z a c i ó n 
de Rgf1p en el septo no depe nd e tanto del 
citoesqueleto de actina. En las células tratadas con 
Latr un c u lin a A (45 min. ) , la prote ín a Rgf1 p aún 
permane c e en el septo, aunque la fluores c en c i a que se 
observ a es menos inten s a que en célula s sin trata r 
(dato s no mostr ado s). Esto s resu ltado s ind ican que la 
locali z a c i ó n de Rgf1p en los polos depend e del 
citoesq u e l e t o de actina, mie n tra s que en la zona del 
septo podría anclars e de forma diferen t e. 
 
2.3. El crecimiento bipolar depende de la 
actividad GEF de Rgf1p 
 Como ya se ha descrito en el Cap ítu lo I y se 
demo strará con nuev as eviden cias en el Capítulo III, la 
activ id ad interca mb iad ora de  nucleó tido s de guan in a 
de Rgf1p reside en su domin i o DH (RhoG EF ) y de ella 
depend e tamb ién el mante ni mien to de la integr id ad 
celular y la resistencia a antifúngico s.  
Nos preg un tamo s si la activ id ad GEF de Rgf1 p 
ta mb ién era necesar ia para la activación del 
crecimien to bip o lar. Para comp ro b ar esto , utiliza mo s el 
mutan te en el domin io DH descr ito anter io r men te 
(Cap ítu lo I), rgf1- PTTRΔ y analizamos el patrón de 
crecimiento en una poblaci ó n asin crón ica, med ian te 
tin ció n con Calco f lúo r ( Figura 16 ). Las célu las rgf1-
PTTRΔ presentan un defecto en el crecimie n to bipolar, 
de manera que sólo el 27% de las células crece por los 
dos polo s, fren te a un 80% de las célu las silv estres. 
Este resu ltado ind ica que Rgf1 p pro mu ev e el 
crecimiento de la célula por los dos polo s a trav és de 
su activid ad GEF.   
La mutac ió n en el domin i o RhoGE F podr ía 
estar afectan do a la estab ilid ad o la localizació n de la 
prote ín a y ésta podría ser la causa de su pérd id a de 
activ id a d. Para comp r ob a r lo, obtu v imo s una prote ín a 
Rgf1 p mutan te (Rgf1 PT T R Δ) marcada con GFP en su 
extr e mo carb ox ilo - te r min a l. Tanto la prote ín a mutan te 
como la silvest r e marcad a s con GFP present a n una 
mov ilid ad similar en Western blo t (dato s no 
mostr a d o s ), sin emba rg o aunq u e la prote ín a mutad a se 
localiza correcta mente en el septo, sólo aparece en uno 
de los polo s (dato s no mostr a d o s) .  
Figura 16: El crecimiento 
bipolar depende de la 
actividad GEF de Rgf1p. 
F o t o g ra f í a s de célu l a s 
silves t r e s (wt ), rgf1Δ y 
rgf1PTTRΔ t e ñ i d a s con 
Calc o f l ú o r, en las que se 
pued e n obse rv a r los polos de 
creci mi e n t o activ o por su 
ma yo r tinc i ó n con este 
co mp u e s t o .  
Figura 15: La localización de Rgf1p depende del 
citoesqueleto de actina. Arriba, e s q u e ma del expe ri me n t o . 
Las célul a s cdc10-129 c on el gen rgf1 +  ma rc a d o con GFP, se 
incu b a ro n a 37ºC dura n t e 3 hora s para det e n e r su crec i mi e n t o 
en G1, desp u é s se les añad i ó Lat ru n c u l i n a A y se pasa ro n a 
25º C . Abajo , fotog r a f í a s de célul a s sin trata r con 
Latru n c u l i n a (izq u i e rd a ) y des p u é s de 45 min del tra t a mi e n t o 
con la droga (dere ch a ) . En esta  últi ma se puede apre c i a r que 
la local i z a c i ó n de Rgf 1p se ha perdi d o co mp l e t a men t e . 
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El crecimie n t o monopo l a r de las célula s con la 
prote ín a muta d a (Rgf 1P T T R Δ) podr ía ser debid o a la 
ausen cia de la pro teín a en el seg und o polo, o 
justamen t e al contrari o , que la ausencia de Rgf1p en 
ese polo fuera conse c u en c ia del crecimie n to monopo la r 
de las célu las. Para distin gu ir entre estas dos 
posib ilidades, analizamos la localización de la proteína 
Rgf1PTTR Δ- G F P en una cepa silvestr e ( rgf1+ ) . En este 
caso la proteína mutada se localiza en los dos polos en 
la mayo r ía de las célula s (dato s no mostr a d os ) . Este 
resu ltado indica que la ausencia de la prote ín a mutan te 
en el segu ndo polo , podr ía ser una conse cu en c ia de la 
falta de actividad de Rgf1p y no al contrario.  
 
2.4. Rgf1p no funciona como marcador de 
polaridad 
Por lo expuesto hasta el momento, parece claro 
que la activ id ad de la prote ína Rgf1p es esen c ia l para 
el funcion a mi e n to de NETO. Sin embargo , sólo 
algunas de las proteínas imp licadas en NETO actúan 
como marcadores de polarid ad , entr e ellas está Tea1 p 
que fun cion a señ aland o los sitio s por dond e deb e 
crecer la célula (Mata and Nurse, 1997) y Sla2p que 
ta mb ién es necesar i a para estable c e r zonas nuevas de 
crecimie n to y que actúa por debajo de Tea1 p
(Castagn etti et al., 200 5). 
 
Rgf1p podría actuar bien como iden tificador del 
polo nuevo o como desen c ad e n an te o regulad or de la 
remod e la c ió n de la actina duran te NETO. Para 
co mp r o b a r lo nos pre g u n ta mo s si es pos ib l e 
desencaden ar NETO en células del mutante rgf1Δ 
provocand o la despol i me r i z a c i ó n de la actina y 
surtiendo así de monomé r o s de actin a a las célula s .  
S e s a b e ,  q u e  u n a  d e s p o l i m e r i z a c i ó n 
mo mentánea del citoesqueleto de actina, es capaz de 
desencaden ar NETO incluso en células paradas en G1 
(Rupes et al., 1999), como por ejemplo en el mutante 
cdc10-129 a 37ºC . E l exper imen to que realiz a mo s 
consistió en mantener las células cdc10-129 
b loq u e ad a s en G1 a 37ºC (con la actin a monop o lar ) , 
tratarlas durante 5 min con Latr uncu lina A y a 
continu a c ió n elimin a r la drog a, de forma que la actina 
pueda volver a repolime r i z a r s e .   
Cuando se realiza este experimento con el 
mutan te tea1Δ, la actin a se man tien e mon opo lar 
desp u é s del pulso con Latru n cu lin a A y de lava r la 
droga (Rupes et al., 1999). En nuestro caso, 
obse rv a mo s que despu é s del pulso de Latrun c u lin a, la 
actina se distribuyó de forma bipolar tanto en el 
mutan te cdc10-129 , como en la cepa cdc10-129 rgf1 Δ 
( Figura 17 ), lo cual indica que Rgf1p no es necesar io 
para marcar una nueva zona de crecimie n t o . 
 
Otra mane r a de prob ar si Rgf1 p actú a como 
marcad or de polar id ad es observar el comportamiento 
de un mutan te cdc11-123 rgf1Δ. Los mutantes cdc11-
123 son termos e n s i b l e s y acumul a n célula s alargad as 
con muchos núcleos, esto quiere decir que hacen 
múltiples ciclos de división y en cada ciclo tienen que 
pasa r por NETO . Si la muta c i ó n cdc11-123 se comb in a 
con la muta c i ó n en una prote ín a marc a do r a de la 
polar idad , se producen células álta mente ra mificadas, 
que tien en dificu ltad al eleg ir el nuev o sitio de 
crecimiento polarizado. No so tro s no observ amo s 
células ramificadas en el mutante doble cdc11-123 rgf1
Δ, lo que indic a de nuevo que Rgf1p no es neces a r io 
para determin ar los sitio s de crecimien to . 
 
2.5. Localización de factores de polaridad en 
el mutante rgf1 Δ 
E l desen c ad en a mien to y mante n imien to del 
crecimiento bipolar en S. pombe es un proceso 
comp lej o en el que interv ien e n un gran núme r o de 
prote ín a s . Algu n as de ellas , como Tea1 p y Pom1p , 
actúan como marcadores de polar idad indicándole a la 
célula dónde se encu entr an sus polos de creci mie n to . 
Estas dos prote ín a s se localiz a n en ambos polo s, 
Figura 17: Rgf1p no funciona como marcador de 
polaridad. Arriba, e s q u e ma del exp e ri men t o . Las cél u l a s 
cdc10-129 y cdc10-129 rgf1 Δ se mant u v i e ro n a 37ºC para 
deten e r su cr eci mi e n t o en G1, se les añadi ó Latru n c u l i n a A 
dura n t e 5 minu t o s y se elimi n ó medi a n t e lava d o s , tras lo que 
las célul a s silve s t r e s co mie n z a n a crece r de for ma bi pol a r 
(G2 ). Abajo , fotog r a f í a s de célul a s de amb as cepas antes 
(pan e l e s de la izqu i e rd a ) y desp u é s de dos hora s de habe r 
añadid o y eli min a d o la droga (panel e s de la dere ch a ) . 
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incluso cuando las células están crecien d o sólo por uno 
(Bähler and Pringle, 1998; Mata and Nurse, 1997).  
Tea1p y Tea4 p son tran sp or tad as a los polo s por 
los extr e mo s de los micro tú bu los . Tea4 p reclu ta a 
Bud6p y a For3p , forman do un comp lej o llamad o 
polar isoma, que es necesario y suficien te para el 
establecimiento de la polaridad y el ensamb laje de la 
actina en el polo de crecimien t o (Mar tin et al., 2005).  
Otras prote ínas , como las miosin a s y los 
comp o n en te s del comp lej o Arp2 /3 (rela c ion ad o s con la 
formaci ó n de los parches de actina) se localiz a n 
sie mpre en el polo que es tá creciendo activa mente 
(Arai et al., 1998 ; Sirotk in  et al., 2005; Win et al., 
2001 ). Fin alme n te, algu no s de los últi mo s resp on sab les 
del crecimien t o del polo nuevo , como las distin tas 
subun id ad es de la β - y α-glu cán sintasa, ta mb ién se 
localizan de manera polarizada (Cortés et al., 2005; 
Cortés et al., 2002; Liu et al., 2002; Martín et al., 
2003 ).  
Cuando inten ta mo s defin ir en qué paso del 
proce so de activ a c ió n de NETO estab a inter v in iend o 
Rgf1p, nos preg untamo s si la localización correcta de 
Tea1p , Pom1 p y For3p depen d ía de la pres e n c ia o 
ausen c ia de Rgf1 p y vicev e r s a, es decir cómo se 
localizaba Rgf1p en estos mutantes. 
 Comenza mos estudian do la localización de las 
prote ín a s Tea1p -G F P y Pom1p -G F P en el mutan te rgf1
Δ. Obser v a mo s que tanto Tea1p como Pom1 p se 
localizan en amb o s polo s en los mutan tes  rgf1Δ, ig u a l 
que en la cepa silvestr e ( Figura 18 ). La  ausen cia de  
Rgf1p no parece afectar a la  localización de estas dos 
prote ín a s .  Por el contr a r io , Rgf1p se loca liza de forma 
mono po la r en los mutan te s tea1Δ y  pom1Δ ( d ato s no 
mostr a d o s ). 
A contin u a c ión , quisimo s ver qué ocur r ía con la 
formina For3p marcada con la proteína fluorescen te 
amarilla (YFP). For3 p-YFP se localiza normal men te 
con una distr ib u c ió n pun te a d a en la zona del septo y 
los polos que están creciendo. En el mutante rgf1Δ, se 
obse rv a un aumen to en la distr ib u c ión monopo lar de 
For3p , pres e n tán do s e de forma bipo lar en meno s del 
20% de las células , mientra s que en una cep a silvest r e 
este porcen taje es del 75% ( Figura 19A ) . Esto nos 
indicó que Rgf1p es importante para el desplaza miento 
de la formina al polo nuevo, lo cual está de acuerdo 
con la ausencia de nucleación de actin a en ese polo. 
Cuando analiza mos la localización de Rgf1p-GFP en la 
cepa for3Δ, observamos que Rgf1p se localiza en los  
polos de crecimi e n t o activo en ese mutante  (d a to s no 
mostr a d o s ). 
Figura 19:  
Localización de For3p-
YFP y Myo52p-GFP en 
rgf1 Δ . A  Local i z a c i ó n de 
For3 p -Y F P  e n las cepas 
silvestre (wt ) y rgf1Δ. En la 
gráf ica se repre s e n t a el 
porc e n t a j e de célu l a s con 
local i z a c i ó n bipol a r en 
amb as cep as . En el mut an t e 
rgf1Δ este porc en t a j e es 
mu ch o meno r qu e en las 
célul a s silve s t r e s . B  
Local i z a c i ó n de Myo5 2 p -
GFP  e n las cepas silve s t r e y 
rgf1Δ. En la g ráf ica se 
repre s e n t a lo mis mo que en 
A. En este caso tamb i é n hay 
una dis mi n u c i ó n de la 
loca l i z a c i ó n bipo la r en las 
célul a s rgf1Δ. 
Figura 18: Localización de Tea1p-GFP y Pom1p-GFP en rgf1
Δ . A  Local i za ci ó n de Tea1 p - GF P  en las cep as silv es t r e (wt) y 
rgf1Δ. En amb as se local i za en los dos polos celu l ar es . B  
Local i za ci ó n de Pom1 p - GF P  en las cep as silv es t r e y rgf1Δ. En 
amb as se local i z a en los dos polo s celu lar es .  
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Exactamente lo mis mo ocurre con la miosina de 
tipo V, Myo5 2p . Este tipo de mios in a s son impo r tan te s 
para el tran sp orte de las ve sícu las secr etoras a lo largo 
de los cable s de actin a . Al igual que las prote ín a s 
anteriores, se puede detectar en el septo y los polos en 
crecimiento. Se sabe, que en el mutante for3Δ esta 
miosina se deslocaliza comp leta mente (Feierbach and 
Chang , 2001 ). Curiosam ente, en el mutante rgf1Δ esto 
no ocurre, aunque su localización es claramente 
mono po la r ( Figura 19B ) , sólo se distr ib u ye de forma 
bipolar en el 10% de las células, frente a un 60% en el 
silv estre.  
Las prote ín as del comp lej o Arp2 /3 , Wsp1p y 
ArpC5p (marcadas con YFP y CFP, resp ectiva mente) 
se compo r tan de una mane ra muy simi lar a For3p y 
Myo52p : en el silv e s tr e mues tr an una distr ib u c ión 
bipolar generalizada, mientras que en el mutante rgf1Δ 
son mon opo lares ( Figura 20) . 
 
Finalmente, observamos la localización de uno 
de los último s facto r es respo n sab les del crecimien to 
del polo, la subun id ad catalítica de la βG S , Bgs4 p. 
Como en los caso s anterio r es, esta pro teín a se localiza 
en el septo y los polos en células silv estres, sin 
emba r go en ausen c ia de Rgf1p pres e n ta una 
locali z a c i ó n monopo l a r en la gran mayorí a de las 
células observad as ( Figura 21 ) .  
 
 Todos esto s dato s sugie r e n que una vez 
deter min a d o el polo nuev o como lugar de creci mie n to , 
Rgf1 p pod r ía ser un elemen to  clav e en la ruta de 
señalización desencad enan te del crecimie n to en ese 
polo. Cuando Rgf1 p no está presen te, las célula s no 
recibirían esta señal y las proteínas encargad as de que 
se lleve a cabo el crecimiento efectivo en ese punto, no 
se desplazarían hasta él o si se desplazaran no llegarían 
a forma r una masa estab le y por cons igu iente no habr ía 
crecimiento.  
Figura 21:  
Localización de Bgs4p-
GFP en rgf1 Δ . 
Lo cal i za ci ó n de Bgs 4p -
GF P  en las cep as sil v est r e 
(wt ) y rgf1Δ. En la gráf i ca 
se rep r es en t a el por cen t aj e 
de célu l as con local i zaci ó n 
bipo l ar en amb as cep as . En 
el mutan t e rgf1Δ este 
por cen t aj e es mucho men o r 
que en las célu l as silv es t r es .  
 
Figura 20: 
Localización de Wsp1p-
YFP y ArpC5-CFP en  
rgf1 Δ . A  Local i z a c i ó n de 
Wsp1 p -Y F P en las cepa s 
silvestre (wt ) y rgf1Δ. En 
la gráf ic a se repr es e n t a el 
porcen t a j e de cél ula s con 
local i z a c i ó n bipol a r en 
ambas cepas . En el 
mut an t e rgf1Δ este 
porc e n t a j e es mu ch o 
me no r que en las célu l a s 
silves t r e s . B  Loc al i z a c i ó n 
de ArpC 5 p -C F P en las 
cepas silvest r e y rgf1Δ. En 
la gráf ica se represe n t a lo 
mi s mo que en A. En este 
caso tamb i é n h ay una 
dis mi n u c i ó n de la 
loca l i z a c i ó n bipo la r en las 
célul a s rgf1Δ. 
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El GEF de Rho1p, Rgf1p, señaliza por encima de la El GEF d R 1 , Rgf1 , ñ l n d l
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A n t e c e d e nte s 
  
 Las rutas de MAPK s ( mitogen-activated protein 
kinase) son mecanis mo s de tran sdu c c i ó n de señales 
que regu lan much o s proc eso s impo r tan te s en los 
organ is mo s euca r io tas .  
 El mecanis mo básico de funcion a mie n t o de 
estas cascadas consiste en la activación secuencial de 
tres prote ín as quina s a s en respu e s ta a deter min a d o s 
estí mu lo s. En primer lug ar, una MAPKKK (MAPK 
kinase kinase) fosfor ila y activ a a una MAPK K 
(MA PK kinase), que a su vez fosf orila a una MAPK 
(Mar sh all, 1995 ; Wask iew icz and Coop er 199 5) . 
 
 Mientr a s que en la leva dur a de gema c ió n hay 
seis o más casca d a s de MAPK s (Hohma n n , 2002 ), en 
S. pombe sólo se conocen tres: una de respuesta a 
feromonas, otra de respuesta a estrés, cuyo s elementos 
centrales son las MAPKs Spk1p y Sty1p/Spc1p 
respe c tiv a me n te (Shio z ak i and Russe ll, 1995b ; Toda et 
al . , 19 9 1 ) y f in a l m e n t e , la en c a r g a d a d e l 
man ten imien to de la integrid ad celu lar.  
 
 La ruta de integ r id ad está comp u esta por un 
módulo de quinasa s fo rmado por una MAPKKK 
deno min ad a Mkh1p , una MAPKK Pek1 p /Sh k1p y una 
MAPK Pmk1p/S p m1 p (Loewith et al., 2000 ; Seng ar et 
al., 1997 ; Sugiu r a et al., 1999 ; Toda et al., 1996 b; 
Zaitsev s k a y a - C a r t e r and Cooper,  1997 ). Se ha descr ito 
al menos una fosfatasa capaz de desfosforilar a la 
MAPK Pmp 1 p y que regu la neg ativ amen te esta ruta de 
señalización (Sugiura et al., 1998). 
 
 La disr up c ió n de cualqu ier a de los tres genes 
q u e fo r ma n e l mó d u l o d e MA P K s c a u s a 
hip ersensib ilidad a β(1,3)-g lu can asas y sen sib ilid ad a 
estrés hiperosmótico con células ramificadas y 
multise p tad a s . Esto s dato s fuer on los prime r o s que   
relac io n aro n esta ruta con los proce so s de constru c c ión 
de la pared celu lar, cito qu inesis y homeo stasis ión ica 
en S. pombe. Más tard e , se descu br ió que la ruta de 
integr id a d es capaz de respon d er a una gran varied a d 
de estreses , incluyen d o estr és hiper e hipotóni c o , 
ausen c ia de gluco s a, presenc ia de comp ues to s que 
dañan la pared celu lar , altas temp e r a tu r as y estr é s 
oxid a tiv o, entre otro s (Madr id et al., 200 6) .  
 
 Una característica que presen tan los mutantes 
de los genes implic a d o s en esta ruta, es su capacid a d 
de contr ar r es ta r los efecto s de la elimin a c ió n de la 
calcineu r in a . En S. pombe se sabe que la eliminación 
del gen de la calcin e u r in a , ppb1+, o la inhib ic ió n de su 
activ id ad med i an te inmu no s up r e sor e s (como FK506), 
prod u ce hip ersen sib ilid ad al Cl - , mientra s que una 
mutac ió n adicio n al en los mie mb r o s de la ruta de 
MAPKs suprime este feno tipo .  
 Basándose en esta interacción se ha descrito el 
deno min a d o feno tipo vic ( viable in the presence of 
immunosuppressant and choride ion ), y se ha visto que 
todo s los mutan te s nulo s de los comp o n e n te s 
conocidos de la cascada de integrid ad presen tan este 
fenotipo, es decir, son viables en presencia del 
inmu n o su pr e sor FK50 6 y altas conc e n tr acio n e s de 
MgCl 2  (Sugiura et al., 1999; Su giura et al., 1998). 
 
 El gen cpp1+ se iden tificó a partir de un 
mu t a n t e c o n f e n o t i p o vic y c o d i f i c a u n a 
farnesiltransferasa cuya fu nción es favorecer la 
localización en la memb rana de la GTPasa Rho2p (Ma 
et al., 200 6) . A partir de ahí, se han desc r ito otra s dos 
prote ín a s que actú a n por enci ma de este módu lo de 
MAPKs . Una de ellas es Pck2p que actúa por encima 
de la MAPKKK Mkh1p e interacciona física mente con 
ella y la otra es Rho2p que ta mb ién inter ac c io n a con 
Pck2 p (Calong e et al., 2000 ; Ma et al., 2006 ). La 
sobr eex pr esión de rho2+ es viable en el mutante pck2
Δ, y la sobr e exp r e s ió n de ambos gene s, pck2+ y rho2+ 
p or sep arado , es letal en célu las silv estres, pero no lo 
es en los mutantes mkh1Δ, pek1Δ y pmk1Δ.  Además, 
se ha visto que la sobr e ex pres ió n y la disru p c ió n de 
estos dos genes, pck2+ y rho2+ , hace que aumen t e o 
dismin u ya susta n c ia lmen te el grado de fosfor ila c ió n de 
Pmk1p (Barb a et al., 2008; Ma et al., 2006 ). 
 
 No todos los estreses parecen activar la cascada 
de la misma mane r a , ni a trav és de los mismo s 
activ ad or es, Rho2p y Pck2p , sin o que existe una 
comp leja red de señalización que modula la activación 
de Pmk1p en respu e s ta a difer en te s tipos de estr és 
(Barba et al., 2008). 
 
T r a b a j 0 Experimen t a l 
 
1 . Pck2p y Pmk1p actúan por debajo de 
Rgf1p 
 Como ya se ha descrito en el Cap ítu lo I, Rgf1p 
actúa como GEF de la GTPas a Rho1p y dos de los 
prin c ip a les efecto r e s de Rho1p son las prote ín a s 
quin asas Pck1 p y Pck 2p. Estas dos pro teín as 
comp arten funcio n es esen ciales en la viab ilid ad celu lar 
y se comp le mentan mutuamente de forma parcial 
(Tod a et al., 199 3) . Ya habíamo s visto que la expr e s ió n 
mode r a d a de pck1 +  (mu lti co p ia y con su pro p io 
pro mo to r ) sup ri me la hip ersen sib ilid ad a Casp ofu ng in a 
(Csp) del mutan te nulo rgf1Δ, pero poster i o r me n t e 
descu br imo s que tamb ién la sobr e ex pr e s ión de pck2+  
era capaz de suprimir este fenotipo .  
 Pck2 p forma parte de la cascad a de MAPKs de 
Pmk1 p (Ma et al., 200 6) por lo que nos prop u s imo s 
c o m p r o b a r  s i  R g f 1 p  p o d r í a  i n t e r a c c i o n a r 
fun cion almen t e con la MAPK de la ruta. El resu ltad o 
fue positiv o, ya que la sob r eexp resió n de pmk1 +  
ta mb ién sup r imió la hip ersen sib ilid ad a Csp de la cep a 
rgf1Δ.  
 Esto s fueron los primero s dato s que nos 
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indic a ron que Rgf1p podr ía estar participa n do en la 
ruta de MAPK s encar g ad a del mante n imien to de la 
integ r id ad de S. pombe. 
  
2.  Las células rgf1 Δ presentan el fenotipo vic 
 Los mutantes rgf1Δ y los mutan tes de la 
cascada de integrid ad mu estr an el denomin a d o 
feno tipo vic, es decir, son viables en presencia de 
FK506 y altas concen tr a c io ne s de MgCl 2  (Sug iura et 
al., 1999 ; Sug iur a et al., 1998 ). Ademá s, ta mb ién 
vimo s que la cepa rgf1Δ y los mutan te s en los gene s de 
la cascada ( mkh1Δ, pek1Δ/ mkh1Δ y pmk1Δ) 
comp a r tían otro s defec to s . Todo s ellos son sensib les a 
β - g l u c an a s a s , incapac e s de crecer en medio con alta 
concen tr a c ió n de sal y en prese n c ia de Caspo fun g in a .  
 Esto s dato s pod rían indic a r que estas prote ín a s 
particip an en la misma vía de señaliza c ió n , pero 
además comp rob a mo s que los mutante s dobles rgf1Δ
mkh1Δ, rgf1Δskh1Δ y rgf1Δpmk1Δ, s on viab les y que 
no muestran sin erg ia en cuanto a la hip ersen sib ilid ad a 
Csp .  
 
3 . Rgf1p participa en la activación de Pmk1p  
 Para con f irmar si Rgf1p activ a y tran smit e la 
seña l a trav é s de Pmk1p , examin a mo s los nive les de 
fosf or ila c ió n de esta MAPK en respu e s ta a difer en te s 
tipos de estr és, en un mutante rgf1Δ. El resu ltad o fue 
muy claro, en ausencia de rgf1 +  apen as se produ jo 
fosf or ila c ió n de Pmk1p en respu e s ta a cambio s en la 
osmo lar id a d y daño s en la pare d celu la r . Sin emba r go , 
Rgf1 p no parec e ser impor tan te en la resp ues ta a otros 
estreses que ta mb ién activan a Pmk1p, como estrés 
oxid a tiv o, ausen c ia de gluco sa o calo r.  
 Rgf1p es pues un comp onente de la cascada de 
integ r id ad, esen cial para transmitir la señ al sólo baj o 
d e t e r m i n a d a s c i r c u n s t a n c i a s .  A d e m á s  a c t i v a 
especí f i c a me n t e esta cascad a de MAPKs, puesto que 
no observ a mo s difer en c ias entr e el mutan te rgf1Δ y la 
cepa silvestres en la fosf or ila c ió n de la MAPK de la 
ruta de estrés Spc1 p, en respues t a a estrés oxidat i v o u 
osmó tico . 
 
4 . Rho1p participa en la activación de 
Pmk1p 
 Nos pregun ta mo s si la activ id ad GEF 
(inte r c a mb ia d or de nucle ó tido s de guan in a) de Rgf1 p, 
era imp o r tan te para llev ar a cab o la tran smisió n de la 
señal hacia el módulo de MAPK s de esta casca d a . Para 
ello , utiliza mo s un mutan te pun tu al en una reg ión muy 
conse rv a d a del domin io RhoG E F de Rgf1 p. La 
prote ín a muta d a en el domi n io Rho-G E F es estab le y 
presen ta unos nive les muy bajo s de Rho1p -G T P 
(activ o). En cuan to a la fosf or ila c ió n de la MAPK 
Pmk1 p en resp u es ta a estr é s osmó tico , el mutan te 
puntu a l se comp o r tó igua l que la cepa dele c io n ad a , 
indic a ndo que la activ id a d GEF de Rgf1 p es 
impr e s c in d ib le para llev ar a cabo su func ión dentro de 
la ruta de integrid ad .  
 
 Rgf1 p es un reg u lad or positivo de Rho1 p, por lo 
que tamb ién analizamo s si esta GTPasa podría estar 
involucr a d a en la activaci ó n de Pmk1p, en respuest a a 
deter min a d o s tipos de estr é s . La respu e s ta es 
afirmativ a, tan to la  sobr eexpr esión de rho1+  como de 
rho1G15V (alelo con stitu tiva men te activ o) aumen tan 
los nive les de Pmk1 p fosf orilad o , y lo hace n de una 
forma depe nd ien te de Pck2p y de Mkh1p .  
 
 Todos esto s dato s puestos en conju n to , sugie r e n 
que la cascad a Rgf1 p- Rh o1p - Pck2p regu la la 
activ a c ió n de Pmk1 p en S. pombe, y que lo hace a 
trav és del módu lo de MAPKs. 
 
 5. Rgf2p y Rgf3p no participan en la 
activación de Pmk1p 
 Por últi mo , examin a mo s la posib le contr ib uc ión 
de otros GEFs cono c id o s de Rho1p (Rgf2p y Rgf3p ) 
en la activació n de la cascada de integrid ad .  
 Tanto la sob reex pr esion de rgf2 +  como la de 
rgf3 +  produj ero n un aumen to de la fosf orilació n de 
Pmk1p . Esto podr ía ser conse c u e n c ia del aumen to en 
la cantidad de Rho1p activ o en la célula (que ya 
sabemo s que activ a la casca d a ) o debido a un papel 
más específico de estas prot e ín a s dentro de la casca da 
de integ r id a d. Para diferen c iar entr e estas dos 
posib ilid ad es, comp rob amo s si los mutan tes rgf2Δ y 
ehs2-1 (afec tad o en el gen rgf3 + ) presen tab a n algú n 
defec to en la activ a c ió n de Pmk1p en respues ta a una 
amp lia variedad de estreses. Los resu ltad o s fueron 
negativo s en todo s los casos , por lo que pod emo s 
conc lu ir , que Rgf1 p es el único GEF cono c ido de 
Rho1p que particip a en la tran smisió n de la señ al por 
la cascada de MAPKs de Pmk1p en S. pombe. 
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The Schizosaccharomyces pombe exchange factor Rgf1p specifically regulates Rho1p during polarized growth. Rgf1p
activates the -glucan synthase (GS) complex containing the catalytic subunit Bgs4p and is involved in the activation of
growth at the second end, a transition that requires actin reorganization. In this work, we investigated Rgf1p signaling
and observed that Rgf1p acted upstream from the Pck2p-Pmk1p MAPK signaling pathway. We noted that Rgf1p and
calcineurin play antagonistic roles in Cl homeostasis; rgf1 cells showed the vic phenotype (viable in the presence of
immunosuppressant and chlorine ion) and were unable to grow in the presence of high salt concentrations, both
phenotypes being characteristic of knockouts of the MAPK components. In addition, mutations that perturb signaling
through the MAPK pathway resulted in defective cell integrity (hypersensitivity to caspofungin and -glucanase). Rgf1p
acts by positively regulating a subset of stimuli toward the Pmk1p-cell integrity pathway. After osmotic shock and cell
wall damage HA-tagged Pmk1p was phosphorylated in wild-type cells but not in rgf1 cells. Finally, we provide evidence
to show that Rgf1p regulates Pmk1p activation in a process that involves the activation of Rho1p and Pck2p, and we
demonstrate that Rgf1p is unique in this signaling process, because Pmk1p activation was largely independent of the
other two Rho1p-specific GEFs, Rgf2p and Rgf3p.
INTRODUCTION
Fission yeast cells display a simple rod shape; after cytoki-
nesis, growth is initiated monopolarly and occurs exclu-
sively at the old end. After a point in G2, cells initiate growth
from the new end in a process known as new end take-off
(NETO), such that they grow in bipolar mode up to mitosis
(Mitchison and Nurse, 1985). The spatial control of cell
growth in the fission yeast Schizosaccharomyces pombe in-
volves organization of the microtubule and actin cytoskel-
etons as well as that of the cell wall synthesis (Chang, 2001;
Hayles and Nurse, 2001). A polarized actin cytoskeleton
targets secretion to the growth sites, where probably spe-
cialized multienzyme complexes, consisting of both syn-
thases and hydrolases, assemble the cell wall during the cell
cycle (Motegi et al., 2001; Win et al., 2001; Mulvihill et al.,
2006). Both the cytoskeleton and the cell wall are dynamic
structures that are constantly remodelled and reorganized in
response to growth signals and environmental stresses in
order to ensure the integrity of the yeast cell (Levin, 2005;
Madrid et al., 2006).
In mammals, the polarized assembly of the actin and
microtubule cytoskeletons is regulated by site-specific acti-
vation of Rho-type GTPases (Jaffe and Hall, 2005; Ridley,
2006). In fission yeast cells, Rho1p is involved in cell wall
synthesis (Arellano et al., 1996), actin organization (Arellano
et al., 1997; Nakano et al., 1997), stress responses, and exo-
cytosis. In both systems, one of the challenges is to figure out
how the activity of Rho1p is regulated to control these
different processes. Guanine nucleotide exchange factors
(GEFs) activate signaling by promoting the exchange of GDP
by GTP, and GTPase-activating proteins (GAPs) arrest sig-
naling by stimulating GTP hydrolysis to GDP. This network
(Rho GTPases, GEFs, and GAPs) relays a surprisingly large
number of diverse extracellular signals to many morpholog-
ical and functional responses. The regulation of Rho1p in
fission yeast involves at least three GEFs (Rgf1p, Rgf2p, and
Rgf3p) and several putative GAPs (Rga1p, Rga5p, and
Rga8p). rgf3 is an essential gene and the protein specifically
activates Rho1p during cytokinesis (Tajadura et al., 2004;
Morrell-Falvey et al., 2005; Mutoh et al., 2005). Rgf1p and
Rgf2p are the closest relatives, and they provide a redundant
function for the activation of Rho1p (Mutoh et al., 2005). Loss
of Rgf1p function produces cell lysis, whereas loss of both
Rgf1p and Rgf2p is lethal. In addition, Rgf2p may perform
an essential function during the sporulation process (García
et al., 2006b). Among the negative regulators, none of them
is essential for cell viability, although deletion of rga1
causes a slow-growth defect and severe morphological
abnormalities. Rga5p is involved in the regulation of GS
activity and cell integrity, and Rga8p is a Shk1p (Cdc42/
p21-activated kinase) substrate that negatively regulates
Shk1p-dependent growth control pathways (Calonge et al.,
2003; Yang et al., 2003).
In this study we focused on Rgf1p. Like most Rho-GEFs,
Rgf1p contains a domain with strong similarity to the Dbl-
family of exchange factors (residues aa 625–807, Dbl-homol-
ogy domain[DH]) and a nearby pleckstrin-homology (PH)
domain (residues 844–973). The DH-PH tandem is respon-
sible for the activation of Rho-family GTPases in response to
This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08–07–0673)
on November 26, 2008.
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diverse extracellular stimuli (reviewed in Rossman et al.,
2005; Rossman and Sondek, 2005). Rgf1p also contains a
Dishevelled, Egl-10, and pleckstrin (DEP) domain at its ami-
no-terminus (residues 424–497), which in some G-protein
receptors has been implicated in mediating the nature and
sustainability of the response (Chen and Hamm, 2006). Fi-
nally, Rgf1p has a Citron and NIK1-like kinase homology-
domain (CNH) at its carboxy-terminus (residues 997-1293).
Its function is not clear, but in most cases it acts as a regu-
latory domain involved in macromolecular interactions
(http://www.genedb.org/genedb/pombe/index.jsp).
We previously demonstrated that Rgf1p plays an impor-
tant role in regulating the growth pattern of fission yeast
cells. After cell division, cells initially grow in a monopolar
manner, after which they initiate polarized growth at the
second end in the G2 phase of the cell cycle. This transition
to bipolar growth, termed NETO, relies on the localization of
Rgf1p to the new end (García et al., 2006a). In this process,
the position of Rgf1p depends on Tea1p, which is necessary
for NETO. Interestingly, although other mutants defective in
bipolar growth, tea1, tea4, and bud6, grow at wild-type
rates, a novel aspect of the rgf1 is that its growth rate and
viability are compromised. In rgf1 cells, failure to initiate
bipolar growth coincides with cell lysis, thus coupling a
growth polarity transition with cell wall biosynthesis. Our
current model is that activation of Rho1p during bipolar
growth is not achieved properly in rgf1 mutants, produc-
ing cell wall weakness. Rho1p localizes to sites of polarized
growth and participates directly in the production of new
cell wall by functioning as the regulatory subunit of the
-1,3-glucan synthase (GS) that synthesizes glucan, the main
component of the cell wall (Arellano et al., 1996, 1997; Na-
kano et al., 1997). However, it has not been tested whether
Rho1p also regulates the expression of cell integrity-related
genes or actin genes via the Pmk1p mitogen-activated pro-
tein kinase (MAPK) cell integrity signaling pathway.
The Pmk1p MAPK from fission yeast is very similar to the
budding yeast Mpk1p/Slt2p, which plays a central role in
cell integrity signaling (Levin, 2005), and to the extracellular
signal-regulated kinases, ERK1/2 (p42/p44), from animal
cells that are activated by phorbol esters, cytokines, or os-
motic stress (Roux and Blenis, 2004). In fission yeast, the
Pmk1p MAPK pathway also regulates morphogenesis and
ion homeostasis and becomes activated under multiple
stresses, including hyper- or hypotonic conditions, the pres-
ence of cell wall–damaging compounds, glucose depriva-
tion, and oxidative stress (Madrid et al., 2006). The MAPK
module is composed of MAPKKK Mkh1p (Sengar et al.,
1997), MAPKK Pek1p/Shk1p (Sugiura et al., 1999; Loewith et
al., 2000), and MAPK Pmk1p/Spm1p (Toda et al., 1996b;
Zaitsevskaya-Carter and Cooper, 1997). Although this mod-
ule was identified several years ago, little is known about its
upstream components or the phosphorylation substrates ac-
tivated by the cell integrity signaling pathway (Ma et al.,
2006; Takada et al., 2007). The MAPKKKs at the head of the
module are often activated through phosphorylation and/or
as a result of their interaction with a small GTP-binding
protein of the Ras/Rho family in response to extracellular
stimuli (Roux and Blenis, 2004). In fission yeast, Rho1p binds
directly to the Pck1p and Pck2p protein kinases of the PKC
family, and it functions as a positive regulator for these
kinases (Arellano et al., 1999b; Sayers et al., 2000). Recently it
has been shown that Pck2p interacts with Mkh1p (MAP-
KKK) and activates the Pmk1p signaling pathway (Ma et al.,
2006). Here, we show that Rgf1p, a Rho1p-specific GEF, acts
upstream from the Pck2-Pmk1p MAPK cell integrity signal-
ing pathway. More importantly, our results suggest that
Rgf1p is necessary for the signal transduction of a subset of
stimuli, in particular those related to changes in osmolarity
and cell wall damage.
MATERIALS AND METHODS
Media, Reagents, and Genetics
The genotypes of the S. pombe strains used in this study are listed in Table 1.
The complete yeast growth medium (YES), selective medium (MM) supple-
mented with the appropriate requirements, and sporulation medium (MEA)
have been described elsewhere (Moreno et al., 1991). Caspofungin (Csp;
Vicente et al., 2003) was stored at [minusS]20°C in a stock solution (2.5
mg/ml) in H2O and was added to the media at the corresponding final
concentration after autoclaving. Crosses were performed by mixing appro-
priate strains directly on MEA plates. Recombinant strains were obtained by
tetrad analysis or the “random spore” method. For overexpression experi-
ments using the nmt1 promoter, cells were grown in EMM containing 15 M
thiamine up to logarithmic phase. Then, the cells were harvested, washed
three times with water, and inoculated in fresh medium (without thiamine) at
an OD600  0.01 for 14, 16, or 18 h, depending on the experiment.
Plasmid and DNA Manipulations
pREP3X contains a thiamine-repressible nmt1 promoter (full-strength, induc-
tion ratio, 300), Saccharomyces cerevisiae LEU2, and ars1 (Forsburg, 1993); to
overexpress rgf1, an Xho1I-SmaI fragment containing the rgf1 gene was
ligated into the XhoI-SmaI sites of plasmid pREP3X (García et al., 2006a).
pREP3X-pck2 (nmt1-pck2) was made by inserting the entire ORF of pck2
cloned by PCR into pREP3X. pREP3X-pck1 (nmt1-pck1) was made by insert-
ing the entire ORF of pck1 cloned by PCR into pREP3X. pREP41X-pck2
(nmt41x-pck2) was made by inserting the entire ORF of pck2 cloned by PCR
into pREP41X (induction ratio, 25; Arellano et al., 1999b). For pREP3X-rho1,
the ORF of Rho1p was amplified by PCR from a cDNA library and cloned into
pREP3X; for pREP3X-rho1-G15V, the rho1 ORF was mutagenized by site-
directed mutagenesis and subcloned as a SalI-BamHI fragment into the same
sites of pREP3X (Arellano et al., 1997). pck2 and rho1 overexpression plas-
mids were kindly provided by P. Pe´rez (IMB, Salamanca, Spain). To make
pART-spm1, the Spm1p ORF was cloned by PCR behind the adh promoter in
pART1. pART-spm1 was kindly provided by J. Cooper (Washington Uni-
versity, St. Louis; Zaitsevskaya-Carter and Cooper, 1997).
Glucanase Sensitivity
The glucanase sensitivities of several mutant strains were determined as
indicated in Carnero et al. (2000). Cells were grown in MM to an optical
density at 600 nm (OD600) of 1.0, washed in 10 mM Tris-HCl buffer, pH 7.5,
1 mM EDTA, and 1 mM -mercaptoethanol, and incubated in the same buffer
containing 20 g/ml -glucanase (Zymolyase 100T; Seikagaku, Tokyo, Japan)
per ml at 28°C with vigorous shaking. The OD600 was monitored at the
indicated times and was normalized relative to the absorbance of a control
sample of each strain without enzyme at each time point.
Stress Treatments
Experiments designed to investigate Pmk1p activation under stress were
performed using log-phase cell cultures (OD600 of 0.5) grown at 28°C in YES
medium and the appropriate stress treatment. In overexpression experiments,
cells were first grown in MM medium plus thiamine, washed three times, and
reinoculated into fresh medium (with or without thiamine) for 14, 16, or 18 h
at 28°C, depending on the protein to be overexpressed. In glucose-deprivation
experiments, cells were grown in YES medium with 7% glucose to an OD600
of 0.5, recovered by filtration, and resuspended in the same medium without
glucose but equilibrated osmotically with 3% glycerol. Hypotonic treatment
was achieved by growing cells in YES medium plus 0.8 M sorbitol and then
transferring them to the same medium without polyol. In all cases, 30 ml of
culture was harvested by filtration and immediately frozen in liquid nitrogen
for analysis.
Purification and Detection of Activated Pmk1p-HA6H and
Sty1p-HA6H after Different Stresses
Cell homogenates were prepared under native conditions employing chilled
acid-washed glass beads and lysis buffer (10% glycerol, 50 mM Tris-HCl, pH
7.5, 150 mM NaCl, and 0.1% Nonidet P-40, plus a specific protease inhibitor
cocktail: 100 M p-aminophenyl methanesulfonyl fluoride, leupeptin, and
aprotinin). The lysates were cleared by centrifugation at 13,000  g for 10 min
and Pmk-HA6H was purified with Ni2-NTA-agarose beads (Novagen, Mad-
ison, WI). The purified proteins were loaded on 10% SDS-PAGE gels, trans-
ferred to an Immobilon-P membrane (Millipore, Bedford, MA), and blotted to
detect Pmk1-HA with 1:5000 diluted 12CA5 mAb as primary antibody
(Roche, Indianapolis, IN), with polyclonal rabbit anti-phospho-p42/44 anti-
bodies (1:2500; Cell Signaling, Beverly, MA), or with polyclonal rabbit anti-
phospho-p38 antibodies (1:8000; Cell Signaling). The immunoreactive bands
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were revealed with anti-mouse or anti-rabbit HRP secondary antibodies
(Bio-Rad, Hercules, CA) and the enhanced chemiluminescence detection kit
(Amersham Biosciences, Piscataway, NJ).
Pulldown Assays for GTP-bound Rho Proteins
The expression vector pGEX-C21RBD (rhotekin-binding domain; Reid et al.,
1996) was used to transform Escherichia coli cells. The fusion protein was
produced according to the manufacturers instructions and immobilized on
glutathione-Sepharose 4B beads (Amersham). After incubation, the beads
were washed several times, and the bound proteins were analyzed by SDS-
PAGE and stained with Coomassie brilliant blue. The amount of GTP-bound
Rho proteins was analyzed using the Rho-GTP pulldown assay modified
from Ren et al. (1999). Briefly, extracts from 50-ml cultures of wild-type, rgf1,
and rgf1-PTTR cells containing HA-rho1 expressed from its own promoter
were obtained using 200 l of lysis buffer (50 mM Tris, pH 7.5, 20 mM NaCl,
0.5% NP-40, 10% glycerol, 0.1 mM dithiothreitol, 1 mM NaCl, 2 mM MgCl2,
containing 100 M p-aminophenyl methanesulfonyl fluoride, leupeptin, and
aprotinin). GST-RBD fusion protein, 100 g, coupled to glutathione-agarose
beads was used to immunoprecipitate 1.5 mg of the cell lysates. The extracts
were incubated with GST-RBD beads for 2 h. The beads were washed with
lysis buffer four times, and bound proteins were blotted against 1:5000-
diluted 12CA5 mAb as primary antibody to detect HA-Rho1p. The total
amount of HA-Rho1p was monitored in whole-cell extracts (25 g of total
protein), which were used directly for Western blotting and were developed
with the 12CA5 mAb. Immunodetection was accomplished using the ECL
detection kit (Amersham Biosciences).
Microscopy Techniques
The localization of Rgf1p-green fluorescent protein (GFP) was visualized in
living cells under a DMRXA microscope (Leica, Wetzlar, Germany).
RESULTS
Pck2p Acts Downstream from Rgf1p
Previous studies have shown that Rgf1p is a Rho1p GEF
(García et al., 2006a). The Rgf1p deletion causes cell lysis,
hypersensitivity to the antifungal drug Csp, and defects in
the establishment of bipolar growth (García et al., 2006a).
Regarding the downstream targets of Rgf1p, we wondered
whether the overexpression of either Pck1p or Pck2p might
suppress hypersensitivity to Csp in the rgf1 mutant. In
fission yeast, the protein kinase C homologues Pck1p and
Pck2p are targets for Rho1p; both genes—pck1 and pck2—
share overlapping roles in cell viability and partially com-
Table 1. S. pombe strains used in this work
Strains Genotypes
YSM180 h 972
YS64 h leu1-32 ade6M210 ura4D-18 his3D1
HVP54a h leu1-32 ade6M210 ura4D-18
VT14 h leu1-32 ade6M210 ura4D-18 his3D1rgf1::his3
VT18 h leu1-32 ade6M210 ura4D-18 his3D1rgf1::his3
PG65 h leu1-32 ade6M210 ura4D-18 his3D1rgf1::kanMX6
MI200b h pmk1-HA6his: ura4 ade6M216 leu1-32 ura4d18
PG285 h rgf1::kan pmk1-HA6his:ura ura4D18 leu1-32 ade6M210
PG318 h mkh1::ura4 pmk1-HA6his:ura ura4D18 leu1-32 ade6M210
PG332 h pck2::kan pmk1-HA6his:ura ura4D18 leu1-32
MS192c h spm1::LEU2 leu1-32 ura4D18
MS189d h skh1::ura4 ura4D18 leu1-32 ade6M210
MS196d h mkh1::ura4 ura4D18 ade6M210
YKOB01e h spm1::ura4 ura4D18 leu1-32
PG335 h spm1::ura4 rgf1::kan ura4d18
PG337 h mkh1::ura4 rgf1::kan ura4d18
PG339 h skh1::ura4 rgf1::kan ura4d18
PG347 h pmk1::ura4 ura4d18
PG348 h mkh1::ura4 ura4d18
PG349 h skh1::ura4 ura4d18
PG77 h rgf1::kan ade6M210
PG272f h pck2::kan leu1-32 ura4D18
VT20f h rho2::ura4 ura4D18 leu1-32 ade6M210
PG1 h rgf2::ura4 ura4D18 leu1-32 ade6M210 his3D1
MS190h h wis1::his3 his3D1
MS194h h spk1::ura4 ura4D18 leu1-32
YS1295f h pmp1::kan leu1-32 ade6M210 ura4D-18
PG351 h pmp1::kan rgf1::kan leu1-32 ade6M210 ura4D-18
KS1489 g h spc1-HA6his:ura4 leu1-32 ura4D-18
PG362 h spc1-HA6his:ura4 rgf1::kan leu1-32 ura4D-18
PG40 h rgf1::his3 his3DI leu1-32 ade6M210 ura4D-18 leu1: rgf1-GFP
PG52 h rgf1::his3 his3DI leu1-32 ade6M210 ura4D-18 leu1: rgf1 (PTTR)
PG199 h rgf1::his3 his3DI leu1-32 ade6M210 ura4D-18 leu1: rgf1 (PTTR)-GFP
PPG160f h rho1:HA leu1-32
PG378 h rho1:HA leu1-32rgf1::kanMX6
PG380 h rho1:HA leu1-32rgf1::kanMX6 leu1: rgf1 (PTTR)
PG287 h pmk1-HA6his: ura4 ade6M216 leu1-32 ura4d18 rgf2::ura4
PG359 h ehs2-1 pmk1-HA6his: ura4 leu1-32 ura4d18
PG331 h pmk1-HA6his: ura4 leu1-32 ura4d18 his3D1rgf1::his3 leu1: rgf1 (PTTR)
All strains were generated in this study except for the following strains: a from H. Valdivieso (IMB, University of Salamanca), b from J.
Cansado (University of Murcia), c from J. Cooper (Washington University, St. Louis), d from D. Young (University of Calgary, Canada), e from
C. R. Vazquez de Aldana (IMB, University of Salamanca), f from P. Perez (IMB, University of Salamanca), g from M. A. Rodriguez-Gabriel
(UCM, University Complutense Madrid), and h from S. Moreno (CIC, University of Salamanca).
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plement each other (Toda et al., 1993). Pck2p plays a role in
the regulation of the two main polymers of the cell wall, -
and -glucans, whereas the function of Pck1p in cell integ-
rity is not so well known (Arellano et al., 1999b; Calonge et
al., 2000). To this end, the rgf1 strain (VT14) was trans-
formed with the overexpression plasmids pREP3X-pck1
and pREP3X-pck2 (Arellano et al., 1999b), and the transfor-
mants were monitored for growth on Csp. Figure 1 shows
that pck2, but not pck1, expressed from the plasmid con-
taining the high-strength nmt1 promoter (pREP3X) partially
rescued the lysis and Csp hypersensitivity of the rgf1 cells.
We realized that the strong overexpression of pck2 in rgf1
mutant cells could be deleterious (Mazzei et al., 1993), so to
avoid this problem we used pck2 driven by the P41nmt
promoter (medium level); we found a much better comple-
mentation of the hypersensitivity to Csp (Figure 1).
Cells Lacking rgf1 Show the vic Phenotype
It has recently been shown that Rho2p and Pck2p act up-
stream from the Pmk1p MAPK signaling pathway, thereby
resulting in the vic (viable in the presence of immunosup-
pressant FK506 and chloride ion) phenotype upon mutation
(Ma et al., 2006). Because Rgf1p was linked to Pck2p, which
in turn has been linked to the MAPK pathway, we decided
to examine the functional relationship between Rgf1p and
Pmk1p signaling by analyzing whether the rgf1 mutants
showed the vic phenotype. The results clearly showed that
rgf1, as well as pmk1, and pek1, cells grew in the presence
of FK506 and 0.2 M MgCl2, whereas the wild-type cells were
unable to grow in the same conditions (Figure 2A). It is
known that calcineurin mutants (ppb1) cannot grow in the
presence of MgCl2, whereas an additional mutation in a
member of the MAPK pathway suppresses that phenotype.
The addition of FK506 (a calcineurin-specific inhibitor) to
wild-type cells mimics the calcineurin deletion and prevents
growth in the presence of MgCl2. The fact that the rgf1
mutants were able to grow in these conditions indicates that
Rgf1p could play an antagonistic role for calcineurin mu-
tants and is thus a strong candidate component of the
Pmk1p-MAPK signaling pathway.
We further investigated the relationship between Rgf1p
and the MAPK integrity pathway and we found that rgf1
cells shared other phenotypes with pmk1 mutants. rgf1
cells, like pmk1 cells, were hypersensitive to -glucanase
treatment (Figure 2B; Toda et al., 1996b; Sengar et al., 1997),
and their growth was inhibited by high salt concentrations,
a phenotype characteristic of the knockouts of the pmk1,
mkh1, and pek1 genes (Figure 2C). Moreover, we found
that rgf1 cells required a significantly longer period of time
to reenter the cell cycle upon reinoculation into fresh me-
dium after prolonged stationary phase arrest compared with
Figure 1. Pck2p acts downstream from Rgf1p. The Csp-hypersen-
sitive growth phenotype of rgf1 mutants is suppressed by overex-
pression of pck2. HVP54 (rgf1) was transformed with pREP3X
(empty vector) and VT14 (rgf1) was transformed with pREP3X
(empty vector), pREP3X-pck1 (3Xpck1), pREP3X-pck2 (3Xpck2),
and pREP41x-pck2 (41Xpck2). Transformants were spotted onto
MM and MM plus 2 g/ml caspofungin (Csp) plates as serial
dilutions (8  104 cells in the left row and then 4  104, 2  104, 2 
103, and 2  102 in each subsequent spot) and incubated at 28°C
for 3 d.
Figure 2. Knockout of rgf1 and the components of
the Pmk1 MAPK pathway exhibits the vic phenotype,
sensitivity to high osmolarity, and caspofungin (Csp)
hypersensitivity. (A) rgf1 cells show the vic phenotype.
Wild-type (YS64), rgf1 (VT14), pmk1 (MS192), and
pek1 (MS189) cells were streaked onto YES or YES plus
0.5 g/ml FK506 and 0.2 M MgCl2 and incubated at
32°C for 3 d. (B) Sensitivity of rgf1 and pmk1 to
-glucanase. Cell lysis was measured at different times
during treatment with -glucanase by determining the
OD600 (see Materials and Methods). The strains examined
were wt (YS64), rgf1 (VT14), and pmk1 (MS192). (C)
Growth inhibition of rgf1, pmk1, and mkh1 mutants
by KCl. Wild-type (YS64), rgf1 (VT14), pmk1 (MS192),
and mkh1 (MS196) strains were grown in MM or in
MM plus 1.4 M KCl for 5 d at 32°C. (D) Knockout of the
components of the Pmk1 MAPK pathway (pmk1,
mkh1, pek1, pck2, and rho2) elicited Csp hypersen-
sitivity. Wild-type (YS64), wis1 (MS190), spk1
(MS194), pmk1 (MS192), pek1 (MS189), mkh1
(MS196), pck2 (PG272), rho2 (VT20), rgf1 (VT14),
and rgf2 (PG1) were streaked onto YES or YES plus 1
g/ml Csp (CANCIDAS) and incubated at 32°C for 3 d.
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the wild-type cells (not shown). This phenotype, also seen in
pmk1 and mkh1 mutants, might represent a change in the
response to stress conditions rather than a defect in cell
integrity per se. Stationary-phase rgf1 cells spotted onto
plates were protected osmotically (without lysis); however,
they became visible 1 d after the wild-type colonies, and
once this had occurred, they displayed a smaller colony size
than the wild-type cells in the same conditions (not shown).
We then examined whether knockout of the components of
the protein kinase C-Pmk1p MAPK signaling pathway dis-
played hypersensitivity to Csp, an inhibitor of -(1,3)-glucan
synthase (Vicente et al., 2003). As shown in Figure 2D (1
g/ml Csp), all knockouts of the components of the MAPK
pathway were hypersensitive to Csp, whereas the growth of
the wild type, rgf2 (deleted for another Rho1p GEF), wis1
(deleted for the stress-activated MAPKK), and spk1 (de-
leted for the MAPK involved in meiosis) was not inhibited.
We also noticed that rho2 cells were not as sensitive to the
antifungal agent as the other knockouts.
Overproduction of MAPK Pmk1p Suppresses the
Hypersensitivity of rgf1 Cells to Caspofungin
We found that Pck2p overexpression suppressed the hyper-
sensitive phenotype of Csp in rgf1 mutants. Accordingly,
we examined whether up-regulation of the Pck2p effector,
Pmk1p, might suppress the growth defect of the rgf1 cells
in the presence of the antimycotic agent. As shown in Figure
3A, overexpression of Pmk1p under the control of the strong
and constitutively active ADH promoter (Zaitsevskaya-
Carter and Cooper, 1997) partially suppressed the growth
defect of rgf1 cells in the presence of Csp.
We also examined the effect of an rgf1 mutation in com-
bination with mutations affecting components of the MAPK
integrity pathway, such as Mkh1p, Pek1p, and Pmk1p. The
double mutants grew as well as the single mutants at 28°C
(Figure 3B). We also compared the sensitivity to Csp of the
single and double mutants. The knockout of mkh1, pek1,
and pmk1 elicited a weaker sensitivity to Csp than rgf1,
because the mkh1, pek1, and pmk1 cells grew on YES
plates supplemented with 0.3 g/ml Csp, whereas the rgf1
cells failed to grow in the presence of 0.1, 0.08, and even 0.04
g/ml Csp (Figure 3B). However, the rgf1mkh1,
rgf1pek1, and rgf1pmk1 double knockout mutants
failed to grow in the presence of 0.04 g/ml Csp and did not
show synergism in their sensitivity to Csp compared with
the parental rgf1 single knockout (Figure 3B).
Rgf1p Is Involved in Pmk1p Activation Due to Hypertonic
and Hypotonic Stress and Cell Wall Damage
To confirm that Rgf1p activates and transmits signaling
through Pmk1p, we examined the level of Pmk1p phosphory-
lation upon different stresses in rgf1 mutants. It has been
reported that MAP kinase Pmk1p activation is induced by
multiple stressing situations, including hyper- and hypotonic
conditions, the presence of cell wall damaging compounds,
heat shock, glucose deprivation, and oxidative stress (Madrid
et al., 2006). The catalytic activity of this family of kinases
depends on the phosphorylation of both the Thr-186 and the
Tyr-188 residues, and can be detected by Western blotting with
polyclonal anti-phospho-p42/44 antibody (see Materials and
Methods; Zaitsevskaya-Carter and Cooper, 1997; Loewith et al.,
2000). First, we looked at Pmk1p activation after osmotic stress
caused by KCl or sorbitol. To this end, cells from wild-type
(MI200) and mutant rgf1 (PG285) strains with the genomic
copy of pmk1 tagged with HA6H (Madrid et al., 2006) were
grown at 28°C to the early log-phase. Extracts were obtained
from samples taken before and after the addition of 0.6 M KCl
or 1 M sorbitol for the times indicated. As shown in Figure 4A
(KCl), whereas extracts from the wild-type showed a strong
increase in Pmk1p signal intensity after treatment, this band
was almost absent in the rgf1 mutant. Similarly, the Pmk1p
phosphorylation seen after sorbitol treatment in rgf1 cells was
severely impaired in the rgf1 mutant (Figure 4A). In both
situations, the induction of Pmk1 activity was not the result of
an increase or decrease in Pmk1p protein levels, as observed
after probing the same extracts with anti-hemagglutinin (HA)
monoclonal antibodies (Figure 4A). We performed quantitative
analysis by calculating the value termed induction-fold as the
ratio between quantitative levels of Pmk1p phosphorylation at
15 min (treated cells) and Pmk1p phosphorylation at time 0
(untreated cells). All the single quantified values were also
normalized with respect to their respective loading controls,
and the results are shown below each panel (Figure 4). We also
analyzed Pmk1p activation in control and rgf1 cells subjected
to hypotonic stress, which induces a very rapid and transient
phosphorylation of the MAPK in control cells (Madrid et al.,
2006; Figure 4B). As under osmostress, the Rgf1p deletion
strongly decreased Pmk1p activation under hypotonic condi-
tions (Figure 4B). These results therefore indicate a role for
Rgf1p in osmotic stress sensing.
Hyper- and hypotonic stress initiates a variety of compen-
satory and adaptive responses, which serve to restore near-
normal cell volumes and to reinforce the cell membrane and
cell wall structure to withstand the physical challenge. The
above results prompted us to test whether Rgf1p was also
involved in the MAPK response to cell wall damage. As
expected, we found that the phosphorylation of Pmk1p was
markedly induced upon Csp treatment in wild-type cells,
whereas in the absence of Rgf1p this activation had de-
creased considerably (Figure 4C).
We next wondered whether the role of Rgf1p was specific
for stress conditions related to changes in the cellular vol-
ume that could involve the reorganization of the actin cy-
Figure 3. The Csp-hypersensitive growth phenotype of rgf1 mu-
tants is suppressed by overexpression of pmk1. (A) VT14 (rgf1)
was transformed with pART1 (empty vector), p41Xpck2 (pck2), and
pARTspm1 (pmk1; Zaitsevskaya-Carter and Cooper, 1997). Trans-
formants were spotted onto MM and MM plus 1 g/ml Csp plates
as serial dilutions (8  104 cells in the left row and then 4  104, 2 
104, 2  103, and 2  102 in each subsequent spot) and incubated at
28°C for 3 d. (B) rgf1mkh1, rgf1pek1, or rgf1pmk1 did not
show synergism in sensitivity to Csp. Equal numbers of wild-type
(YSM180) and rgf1 (PG77), mkh1 (PG348), rgf1mkh1 (PG337),
pek1 (PG349), rgf1pek1 (PG339), pmk1 (PG347), and rgf1pmk1
(PG335) mutant strains were diluted (2  104 cells in the left row
and then 2  103, 2  102 and 2  101 in each subsequent spot) and
were spotted onto YES plates with 0, 0.04, and 1 g/ml Csp. Colony
formation was analyzed after 4 d at 28°C.
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toskeleton or whether it was also involved in repairing other
types of cell damage, such as oxidative stress or heat shock.
As shown in Figure 4D, the intensity of Pmk1p phosphory-
lation after transferring the cultures from 28 to 40°C was not
affected very much by deletion of the rgf1 gene. Similarly,
the MAPK activation achieved with hydrogen peroxide in
control cells was still evident in rgf1 cells (Figure 4E), and
the induction-fold value upon comparing the stressed rgf1
cells with their controls (2/0.3) was higher than the induc-
tion seen in wild-type cells (4/1; Figure 4E). Thus, the heat-
shock– and the oxidative stress–induced activations of
Pmk1p in the fission yeast were largely independent of the
presence or absence of Rgf1p. Next, we wondered whether
Rgf1p was also involved in sensing nutrient limitation, a
process that in the long-term also enhances the turnover of
excess mass. Yeast cells starved for glucose dramatically
down-regulate general protein synthesis and activate stress
responses (Ashe et al., 2000). In fission yeast cells, previous
work has shown that stress caused by glucose depletion
elicits a clearly delayed Pmk1p activation (Madrid et al.,
2006). We found that cells responded to glucose starvation
by activating Pmk1p in a way totally independent of the
presence or absence of Rgf1p (Figure 4F). Taken together,
these data indicate that Rgf1p plays a substantial role in the
osmotic and cell wall stress response by positively regulat-
ing the Pmk1p-cell integrity pathway.
Rgf1p Is Not Involved in Spc1p Activation Due to
Hypertonic or Oxidative Stress
The above results led us to the hypothesis that Rgf1p could
also be regulating the osmotic stress response through acti-
vation of the Spc1p/Sty1p MAPK signaling pathway
(Shiozaki and Russell, 1995b). The Spc1p kinase is activated
by increases in osmolarity and by a wide range of environ-
mental stresses. This activation involves the relocalization of
Spc1p to the nucleus and phosphorylation of the transcrip-
tion factor Atf1p, which results in changes in the expression
of genes associated with the stress response (Takeda et al.,
1995). We investigated the effect of loss of the rgf1 gene on
Spc1p activation after osmotic stress (KCl). We used cells
from wild-type (KS1489) and mutant rgf1 (PG362) strains
with the genomic copy of spc1 tagged with HA6H, allow-
ing Spc1p purification with Ni2-NTA and detection with
anti-HA antibody (Shiozaki and Russell, 1995b). As previ-
ously reported (Degols et al., 1996), exposure of the cells to
high-osmolarity conditions, in this case YES medium con-
taining 0.6 M KCl, led to a rapid increase in the tyrosine-
phosphorylation of Spc1p (Figure 5). In rgf1 cells, the same
treatment produced a similar increase in the Spc1p signal,
indicating that Spc1p induction upon KCl application was
completely independent of Rgf1p (Figure 5). We also exam-
ined whether the activation of the MAPK after oxidative
stress was dependent on the presence of Rgf1p. As shown in
Figure 5, bottom panel, the intensity of Spc1p phosphoryla-
tion after 0.3 mM H2O2 treatment was not affected very
much by deletion of the rgf1 gene.
Rho1p Participates in the Activation of Pmk1p
GEFs are multidomain proteins, and previous studies have
suggested that many of these domains are protein- or lipid-
interaction domains, indicating that they serve as localiza-
tion signals and/or as scaffolds for the formation of protein
complexes (Yeh et al., 2007). To determine whether Rgf1p
function in Pmk1p signaling requires GEF activity, we used
Figure 4. Rgf1p regulates Pmk1p activation induced by hyper- and hypotonic stress and by cell wall stress. The wild-type strain (rgf1,
MI200) or a mutant (rgf1, PG285), both carrying a HA6H-tagged chromosomal version of pmk1, were grown in YES medium to mid-log
phase and subjected to different treatments for the indicated times. Pmk1-HA6H was purified by affinity chromatography under native
conditions. Activated and total Pmk1p were detected by immunoblotting with anti-phospho-p42/44 or anti-HA antibodies, respectively. (A)
For hypertonic stress, cells were subjected to 0.6 M KCl or 1 M sorbitol for 15 min. (B) For hypotonic stress, cells growing in YES medium
supplemented with 0.8 M sorbitol were transferred to YES medium without sorbitol and collected at 0, 5, and 15 min. (C) For cell wall stress,
cultures were supplemented with 1 g/ml Csp and grown for 60 min. (D) For thermal shock, cultures growing at 28°C were split and
incubated at either 28 or 40°C for 40 min. (E) For oxidative stress, cultures were treated for 15 min with 6 mM H2O2. (F) For glucose starvation,
cells growing in YES medium with 7% of glucose were shifted to the same medium without glucose but containing an equivalent osmotic
concentration of glycerol. Each treatment was repeated at least three times. Relative units comparing the induction-fold of wild-type and
mutant rgf1 cells in each individual experiment are shown below.
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a deletion mutant in the RhoGEF domain of Rgf1p (rgf1-
PTTR; García et al., 2006a). The four amino acids deleted in
the rgf1-PTTR mutant (proline-threonine-threonine-argi-
nine) have been predicted to be located on helix H8 (CR3),
which is the most highly conserved region of the DH do-
main and is where many mutations that decrease nucleotide
exchange activity map (Liu et al., 1998; Soisson et al., 1998).
As expected, the rgf1-PTTR mutant integrated in a single
copy in rgf1 strain displayed a significantly reduced GEF
activity toward Rho1p. In a pulldown binding assay, only a
minor amount of GTP-Rho1p (active-Rho1p) was detected in
the mutant strain rgf1-PTTR (PG52) as compared with the
levels of GTP-Rho1p in the wild-type strain (Fig. 6A). We
then tagged the full-length wild-type and the mutant rgf1-
PTTR gene with GFP at the carboxy-end. These proteins
were expressed at comparable levels and the mutated rgf1-
PTTR-GFP localized to the cell ends in the wild-type strain
(Figure 6B). However, the rgf1-PTTR mutant was com-
pletely nonfunctional in terms of Pmk1p activation after
osmotic stress (Figure 6C). Thus, the role of Rgf1p in Pmk1p
MAPK activation must depend on its GEF activity.
This result raised the possibility that either low or high
GTP-Rho1p levels could be regulating MAPK activation in
response to stress. To examine this option, we first tested
whether overexpression of Rho1p or a dominant-active
Rho1p mutant (Rho1G15V) might result in an increased
phospho-Pmk1p signal in the absence of environmental
stress. To this end, we transformed the Pmk1-HA6H-tagged
strain MI200 with plasmids pREP3X, pREP3X-rho1, and
pREP3X-rho1G15V. These plasmids expressed the wild-type
rho1 and the hyperactive allele of rho1 under the control
of the high-strength thiamine-repressible promoter nmt1
(Arellano et al., 1996; Forsburg and Sherman, 1997). As
shown in Figure 6D (left), the overexpression of both Rho1p
and Rho1G15Vp (constitutively active) increased the
phophorylation levels of Pmk1p, similar to the increase ob-
tained with the overexpression of Pck2p. As expected, cells
overexpressing the constitutively active allele of Rho1p ac-
tivated the cascade earlier on in derepression than cells
bearing the wild-type allele of Rho1p. We also found that a
high level of Rgf1p, expressed from pREP3X-rgf1, elicited
the activation of Pmk1p (Figure 6D).
We next examined whether ectopic expression of Rho1p
and Rgf1p caused direct activation of Pmk1p or whether it
was being funnelled through the Mkh1p-Pek1p module. We
constructed strains that expressed the Pmk1-HA6H fusion in
an mkh1 background and transformed them with plasmids
pREP3X-rho1G15V and pREP3X-rgf1. Deletion of mkh1
completely abolished the Pmk1p activation observed after
overexpression of Rho1G15Vp or Rgf1p (Figure 6D). More-
over, we tested whether the overexpression of Rho1G15Vp
and Rgf1p caused Pmk1p activation in a pck2 background
and found that the lack of pck2 completely abolished
Pmk1p activation (Figure 6D, right). Taken together, these
results strongly suggest that the Rgf1p-Rho1p-Pck2p cas-
cade does regulate the activation of Pmk1p in S. pombe.
Involvement of Rgf2p and Rgf3p in Pmk1p Activation
Finally, we investigated what the contribution of the other
Rho1p GEFs to Pmk1p activation might be. We have previ-
ously shown that overexpression of rgf1, rgf2 or rgf3,
driven by the nmt1 promoter, produces a strong induction of
the amount of GTP-bound Rho1p (active Rho1p; Tajadura et
al., 2004; García et al., 2006a), and our unpublished results).
However, in vivo the contribution of each GEF to the acti-
vation or Rho1p must be very different. The level of Rho1p-
GTP is very diminished in rgf1 cells (Figure 6A (García et al.,
2006a), whereas in the rgf3 mutant the amount of Rho1p-
GTP (activated) is almost the same as that of the wild type
(Tajadura et al., 2004).
We found that overexpression of either Rgf2p or Rgf3p,
expressed from pREP3X-rgf2 or pREP3X-rgf3, respec-
tively, elicited the activation of Pmk1p (Figure 7A). This
result led us to wonder whether this was due to a real
contribution of each GEF or whether it was merely a conse-
quence of a high level of active Rho1p. To this end, we
examined the effect of the loss of Rgf2p or the Rgf3p alone on
the Pmk1p activation induced by different types of stress.
Rgf3p is essential, so we used a strain with a TS mutation in
rgf3 (the ehs2-1 mutant stands for echinocandin-hypersensi-
tive). The ehs2-1 cells showed a lytic thermosensitive pheno-
type at 37°C, which was suppressed when an osmotic sta-
bilizer (1.2 M sorbitol) was added to the medium (Tajadura
et al., 2004). We first tested whether the ehs2-1 mutant was
impaired for the Pmk1p activation induced by osmotic stress
or cell wall damage. As shown in Figure 7B, Pmk1p phos-
phorylation levels were similar in ehs2-1 cells and in wild-
type cells grown for 2 h at 37°C and then exposed to KCl (15
min.) or Csp (1 h) at the same temperature. Moreover, the
ehs2-1 mutant was not involved in repairing other types of
cell damage, such as oxidative or heat shock. As shown in
Figure 7B, the intensity of Pmk1p phosphorylation after
treatment with H2O2 (6 mM) or heat shock at 40°C was not
significantly affected in the ehs2-1 mutant. We also tested
Pmk1p activation in the presence of sorbitol (1 M) and under
glucose starvation. The ehs2-1 cells did not behave differ-
ently from the wild-type cells in either situation (not shown).
Our investigations with the rgf2 null mutant revealed
that the intensity of Pmk1p phosphorylation after exposure
to osmotic shock (1M sorbitol), cell wall damage (1 g/ml
Csp), oxidative stress (6 mM H2O2), or heat shock (40°C),
and glucose starvation was not affected very much by dele-
tion of the rgf2 gene (Figure 7C).
Figure 5. Rgf1p-independent tyrosine phosphorylation of Spc1p
by osmotic- and oxidative-stress signals. Cells expressing epitope-
tagged Spc1p, wild-type (KS1489) and rgf1 (PG362) were grown to
log phase in YES medium and then exposed to osmotic stress (15
min of exposure to YES plus 0.6 M KCl, top panel, or oxidative
stress (15 min of growth in YES plus 0.3 mM H2O2, bottom panel).
Spc1p was isolated by Ni2-NTA-agarose affinity precipitation and
then analyzed by immunoblotting with anti-phospho-p38 and an-
ti-HA antibodies. Spc1p tyrosine phosphorylation increased in both
strains after the two different types of stress.
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Thus, together these results indicate that among the
Rho1p GEFs, Rgf1p contributes the greatest part by modu-
lating the activity of the pathway after physical destabiliza-
tion of the cell surface.
DISCUSSION
The main conclusion that can be drawn from the present
work is that Rgf1p, a Rho1p-specific GEF, is a new member
of the Pmk1p MAPK pathway in fission yeast. We provide
genetic and biochemical evidence to support this view. First,
mutants lacking rgf1 exhibited the vic phenotype, which is
strong indication of the involvement of the components of
the Pmk1p signaling pathway (Ma et al., 2006). Moreover,
rgf1 cells were hypersensitive to -glucanase treatment,
and their growth was inhibited by high salt concentrations,
both phenotypes being characteristic of knockouts in the
pmk1, mkh1, and pek1 genes. Second, knockout mutants
of the components of the Pmk1p MAPK signaling pathway
displayed hypersensitivity to Csp, a cell wall–damaging
agent that specifically inhibits -glucan biosynthesis. As
expected, deletion of the components of the Pmk1p pathway
did not exacerbate the hypersensitivity to Csp of strains
lacking rgf1. This observation supports the view that Rgf1p
plays a role in the Pmk1p pathway. Third, Pmk1p MAPK
phosphorylation/activation in response to osmotic stress or
cell wall damage depends on the Rgf1 protein. Our data
provide new evidence to clarify the complex regulatory
network modulating the level of activation of the Pmk1p.
Although it seems likely that hypertonic and hypotonic
stress and cell wall damage would be transduced by
Rgf1p via Rho1p and Pck2p, other stimuli such as treat-
ment with H2O2 and heat shock are largely independent
of Rgf1p function.
MAP kinase cascades serve to amplify a small signal
initiated at the cell surface and to convert a graded input
into a highly sensitive, switch-like response (Ferrel, 1996). In
budding yeast, the Rho1p effector pathway most studied is
the Pkc1p-activated MAPK cascade. This is principally be-
cause mutants in this pathway display conditional cell lysis
defects that render them genetically tractable. In this path-
way, a linear series of protein kinases, known as an MAPK
cascade, is responsible for amplification of the cell wall
integrity (CWI) signal from Rho1p (Levin, 2005). In fission
yeast, the cell integrity pathway contains a module of three
kinases (Mkh1p, Skh1p/Pek1p, and Pmk1p/Spm1p) that
regulate cell integrity and that, with calcineurin phospha-
tase, antagonize chlorine homeostasis. However, the in-
volvement of this pathway in the gene expression related to
cell wall remodelling or to the organization of the actin
Figure 6. Rho1p is involved in Pmk1p activation. (A) The rgf1-PTTR mutant displayed significantly reduced GEF activity toward Rho1p.
Wild-type (PPG160), rgf1 (PG378), and rgf1-PTTR (PG380) cells expressing HA-rho1 from its own promoter were precipitated with
GST-RBD and blotted with anti-HA antibodies (12CA5). Total HA-Rho1p in cell lysates was visualized by Western blotting. Data are
quantified and presented as percentages relative to the wild-type extracts run in the same experiment. (B) Early log-phase cells containing
the rgf1-PTTR allele fused to GFP (PG52) were visualized for GFP fluorescence and Nomarsky optics. The Rgf1-PTTR protein (mutated in
the RhoGEF domain) localizes to the growing regions: one or both poles and the medial zone. (C) Rgf1p function in Pmk1p signaling requires
GEF activity. The rgf1 wild-type strain (MI200) or the rgf1-PTTR mutant (PG331), both carrying an HA6H-tagged chromosomal version of
pmk1, were grown in YES medium to mid-log phase and treated with 0.6 M KCl, for 15 min. Pmk1-HA6H was purified by affinity
chromatography under native conditions. Activated and total Pmk1p was detected by immunoblotting with anti-phospho-p42/44 or anti-HA
antibodies, respectively. (D) High levels of Rho1p resulted in an increased phospho-Pmk1p signal. Left panels, the wild-type strain (rgf1,
MI200) carrying a HA6H-tagged chromosomal version of pmk1 was transformed with plasmids for rho1 (pREP3X-rho1, pREP3X-
rho1G15V), pck2 (pREP-pck2), rgf1 (pREP3X-rgf1), and with the empty plasmid (pREP3X). Transformants were grown in MM without
thiamine for the indicated times. Purification and detection of active or total Pmk1 was performed as described above. Right panels, basal
activation of Pmk1p produced by Rho1p and Rgf1p is channelled exclusively through Mkh1p and Pck2p. The wild-type, mkh1 (PG318) and
pck2 (PG332) strains carrying a HA6H-tagged chromosomal version of pmk1 were transformed with plasmids pREP3X, pREP3X-rho1G15V
and pREP3X-rgf1. For promoter derepression, transformants were grown in MM without thiamine for 16 h. Lines are labeled () for the
empty plasmid pREP3X and () for the OP-plasmid, either pREP3X-rho1G15V or pREP3X-rgf1. Purification and detection of active and total
Pmk1p were performed as described above.
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cytoskeleton is not very well understood. Deletion of mkh1,
pek1, or pmk1 did not significantly affect cell growth under
standard conditions. However, the mutants are sensitive to
-glucanase treatment and to antifungal agents that interfere
with cell wall biosynthesis (Toda et al., 1996b; Sengar et al.,
1997). In the presence of hyperosmotic medium, high tem-
peratures or nutrient starvation, a number of cells (30%)
exhibit filamentous, multiseptated growth, and the cells are
swollen (Sengar et al., 1997; Zaitsevskaya-Carter and Coo-
per, 1997; Sugiura et al., 1999). This phenotype is accompa-
nied by thickened cell walls and prominent septa, and this
might indicate that these cells are defective in cell wall
biosynthesis or degradation under stressful conditions.
The finding that Rho2p and Pck2p are upstream compo-
nents of the Pmk1p MAPK pathway supports the notion of
the participation of this module of kinases in the cell remod-
elling necessary to reinforce the cell wall structure or to
reorganize the cytoskeleton in order to withstand osmotic
stress or other physical challenges (Ma et al., 2006). Rho2p is
involved in the control of cell morphogenesis (Hirata et al.,
1998) and regulates cell wall -glucan biosynthesis through
the protein kinase Pck2p (Calonge et al., 2000). Pck2p is also
related to cell wall -glucan; although pck2 mutants have
less cell wall, the mutants that overexpress Pck2p show an
increase in the -glucan content and a higher -glucan syn-
thase activity (Arellano et al., 1999b).
Rho2p acts upstream from Pck2p, regulating the Pmk1p
MAPK pathway (Ma et al., 2006). Moreover, it has been
recently shown that Rho2p is critical for Pmk1p activation in
the presence of KCl, sorbitol and hypotonic stress, whereas
it is dispensable for heat shock, H2O2, or glucose starvation
(Barba et al., 2008). It is possible that one or more elements
could contribute to Pmk1p activation through Pck2p, alter-
natively to Rho2p (Barba et al., 2008). A good candidate for
Pmk1p activation via Pck2p is the essential GTPase Rho1p.
Rho1p interacts with Pck1p and with Pck2p, and this inter-
action stabilizes these kinases, raising their concentrations
precisely in the areas of growth (Arellano et al., 1999b; Sayers
et al., 2000). Our results indicate that Rgf1p contributes to
Pmk1p signaling only when Rho1p is working properly. In
this sense, we found that both low and high levels of GTP-
bound-Rho1p had an impact on the proper functioning of
the cascade.
We observed that a deletion mutation in a highly con-
served region of the Rgf1p-DH-domain produced a lack of
function phenotype in terms of the induction of Pmk1p in
response to osmotic stress. The amount of GTP-Rho1p in the
rgf1-PTTR mutant was minute compared with the wild-
type rgf1, suggesting that wild-type levels of activated
Rho1p are important for Pmk1p activation. Although it
seems evident that Rgf1p could act as a GEF for Rho1p, we
cannot rule out the possibility of its acting as a GEF for
Rho2p.
However, our results do not favor this hypothesis because
no changes in the levels of Rho2p bound to GTP were
observed in strains with different levels of Rgf1p, either with
or without osmotic stress (not shown). In addition, Rho2p
overexpression did not suppress the hypersensitivity to Csp
or sensitivity to KCl in the rgf1 mutant cells (García et al.,
2006a and data not shown, respectively). We also found that
high levels of Rho1p increased the phosphorylation level of
Pmk1p, similarly to that obtained by overexpression of
Pck2p. As expected, overexpression of the constitutively
active allele of Rho1p activated the cascade earlier on in
derepression than cells that carried the wild-type allele of
Rho1p. In both situations, Pck2p and Mkh1p activity was
necessary for MAPK activation, suggesting that the stimulus
was being funnelled through Pck2p and the three kinases.
We have previously shown that overexpression of both
Rgf1p and Rgf3p raises the amount of GTP-bound Rho1p
Figure 7. Rgf2p and Rgf3p involvement in Pmk1p activation. (A) High levels of Rgf2p and Rgf3p resulted in an increased phospho-Pmk1p
signal. The wild-type strain (rgf1, MI200) carrying a HA6H-tagged chromosomal version of pmk1 was transformed with plasmids for rgf1,
rgf2, or rgf3 overexpression (pREP3X-rgf1, pREP3X-rgf2, and pREP3X-rgf3, respectively) and with the empty plasmid (pREP3X). For
promoter derepression, transformants were grown in MM without thiamine for 16 h. (B) Rgf3p is not required for induction of Pmk1p
phosphorylation in response to hypertonic stress or cell wall stress. Strains (rgf3, MI200) and (ehs2-1, PG359) were grown to mid-log phase
in YES medium and then incubated for 2 h at 37°C. For osmotic stress treatment, the cells were incubated for an additional 15 min in YES
plus 0.6 M KCl. For cell wall stress, the cells were incubated for an additional hour in YES plus 1 g/ml Csp, in both cases at 37°C. For
oxidative stress, cultures were treated for 15 min with 6 mM H2O2. For thermal shock, after 2 h at 37°C the cells were incubated at 40°C for
30 min. (C) Rgf2p is not required for induction of Pmk1p phosphorylation in response to hypertonic stress or cell wall stress. The wild-type
strain (rgf2, MI200) or a mutant (rgf2, PG287), both carrying a HA6H-tagged chromosomal version of pmk1, were grown in YES medium
to mid-log phase and then exposed to osmotic stress (15 min in YES plus 1 M sorbitol), cell wall damage (1 h of growth in YES plus 1 g/ml
Csp), oxidative stress (15 min growth plus 6 mM H2O2), heat shock (40°C for 40 min), or glucose starvation. Pmk1-HA6H was purified by
affinity chromatography under native conditions. Activated and total Pmk1p were detected by immunoblotting with anti-phospho-p42/44
or anti-HA antibodies, respectively.
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and -glucan synthase activity (Tajadura et al., 2004; García
et al., 2006a). We reasoned that if Rho1p was activating
Pmk1p, then it would be expected that ectopic activation of
Rho1p by any of its GEFs would also activate Pmk1p. This is
in fact the case, because the overproduction of Rgf2p or
Rgf3p activated Pmk1p to a similar extent to Rgf1p. Rgf2p is
required for spore wall maturation, and the protein shows a
low expression profile in vegetatively growing cells (our
unpublished observation). The rgf3 gene is essential, and
the protein has been proposed to specifically activate Rho1p
function during cytokinesis (Tajadura et al., 2004). Neverthe-
less, there exists the possibility that these GEFs could be
activating the pathway by themselves. It seems very un-
likely that Rgf2p would be involved in the signal transduc-
tion of the Pmk1p cascade. The knockout of Rgf2p did not
elicit the characteristic vic phenotype and was not hypersen-
sitive to Csp treatment or sensitive to high-salt concentra-
tions either (not shown); even more conclusively, Pmk1p
activation after osmotic stress, oxidative stress, heat shock,
or Csp treatment was not impaired in the rgf2 mutant.
Regarding Rgf3p, we observed that the activation of Pmk1p
in response to a number of different stresses was not affected
in the ehs2-1 (mutated in rgf3) at the restrictive tempera-
ture. In sum, the Pmk1p activation seen after overexpression
of Rgf2p and Rgf3p is probably due to a large increase in
activated Rho1p levels. Our data also show that Rgf1p, but
not Rgf2p or Rgf3p, activity is involved in Pmk1p activation
during osmotic or cell wall stress, strongly suggesting that
the expression, localization, and/or activity of different
GEFs are regulated in vivo to mediate the function of Rho1p
in different cellular processes.
In S. pombe, Rho1p signaling is required to maintain cell
integrity. Here we show that the Rgf1p-Rho1p duo is in-
volved in osmotic and cell wall stress signaling through the
Pmk1p cell integrity cascade. The finding that the up-regu-
lation of Pck2p and Pmk1p suppressed, at least partially, the
Csp defect of rgf1 mutants suggests that Pck2p signals to
the cell wall integrity pathway via the MAPK cascade. It has
been shown that Atf1p is phosphorylated by Pmk1p under
cell wall stress, but the consequences of such activation are
unknown (Takada et al., 2007). Besides its role in the cell
integrity pathway, Rho1p acts by regulating the biosynthesis
of (1,3)-glucan and the cell wall in general, and it is also
required for actin polymerization. Its role as a GS activator
seems to be at least partially independent of its role in the
MAPK cascade. The cells that overexpressed either Rgf1p or
Rho1G15V (dominant-active allele of Rho1p) showed aber-
rant depositions of Cfw-stainable material and a huge in-
crease in GS activity, and finally the cells’ death. We found
that deletion of Pmk1p did not release the lethal phenotype
seen after the overproduction of Rgf1p or Rho1G115V;
moreover, the GS level was not diminished in the pmk1
deletion mutants. It is likely that Rho1p would regulate GS
at two levels: direct regulation of the enzyme itself and,
through the MAPK cascade, regulation of the expression of
the enzyme.
Our work demonstrates that a specific GEF regulates a
subset of Rho1p functions, specifically linking the stimulus-
induced signaling to cell wall and/or cytoskeletal remodel-
ling. This supports the hypothesis that GEFs play special-
ized roles and is consistent with the hypothesis that the
excess of regulators for GTPases would have evolved to
exert spatiotemporal regulation or adaptive responses that
enable GTPases to accomplish diverse cellular roles.
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En Schizosaccharomyces pombe, la proteína Rgf2p es un En , l t ín Rgf2 un
GEF de Rho1p, necesaria para la maduración de la pared GEF d R 1 , n l du ón d l d
de la espora y el mantenimiento de la integridad celular en d l l nt n nt d l nt g d d lul n
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A n t e c e d e nte s 
 
 Las células de S. pombe en con d icion es de 
escasez de nutrientes, especialmente nitrógen o, 
detienen su crecimiento en G1. Posteriormente 
conju g an y llev a n a cabo dos divis io ne s meió tic a s para 
dar luga r a cuatr o espor a s haplo id es . En cada uno de 
estos paso s es necesaria la síntesis de nueva me mb rana 
y pared celula r , para preser v ar la forma e integrid a d de 
las células.  
 Mucha s de las prote ín a s que inter v ien en en la 
forma c ió n de la pared de la espor a , son neces a r ia s para 
que la esporogénes is se produzca de forma correcta. 
Una de ellas es la prote ín a Bgs2p , que es la única β-
g l u c án sintasa esencial para la sínte s is y madur a c ión de 
la pared de la espor a . En su ausen c ia las espor a s 
presen tan un aspecto inmaduro y carecen de la 
refringencia que se aprecia en las esporas silvestr e s . 
Además, las ascas bgs2Δ/ bgs2Δ no libe r an las espo r a s 
al medio espontáneamente y éstas son incapaces de 
germin a r en medio rico (Liu et al., 2000; Martín et al., 
2000 ).  
 
 Cuando realiza mo s una comp a r a c ió n de las 
secuen c i a s de los genes rgf3+  y rgf1 +  con la base de 
d a t o s  ( h t t p : / / w w w . g e n e d b . o r g / g e n e d b / p o m b e /
in d ex .j sp ) , enco n tr a mo s otra ORF (SPA C100 6. 06) con 
un porcen taj e de iden tid ad sig n ificativ o , a la que 
deno min a mo s rgf2 + . La expre s ió n de este gen aumen ta 
en esporulación (Mata et al.,  2002 ) y la pro teín a Rgf2 p 
pose e un domi n io RhoG E F , por lo que podr ía ser un 
regu lado r de algun a de las GTPas a s de la famil ia Rho. 
Al igua l que rgf3 +  y rgf1 + , la caracterización del gen 
rgf2 + , nos parec ió inter e s an te para estud ia r el modo de 
regu lación de las GTPasas de la familia Rho en S. 
pombe. 
  
T r a b a j 0 Experimen t a l 
 
1. Rgf2p es esencial para  el desarrollo de la 
pared de la espora 
 Rgf2p pertenece a la fami lia de factores GEFs 
de S. pombe y prese n ta cuatro posib les domin io s 
func ion a les (DEP , DH, PH y CNH), con una 
distribución casi idéntica a la de Rgf1p. Además el 
porcen taj e de iden tid ad al comp arar los domin io s 
RhoG E F de Rgf1p y Rgf2p es much o mayo r, que el 
obten ido al comp a r a r los mismo s domin io s de Rgf1p y 
Rgf3 p, que son GEFs con la misma espe c if ic id a d de 
sustr a to . 
 
 Para deter mi n a r la funció n de Rgf2p 
examin a mo s los feno tipo s de las célu las rgf2Δ. No 
observ a mo s ningun a difer en cia entr e la cepa silv e s tr e y 
el mutante rgf2Δ durante el crecimie n t o vegetat i v o , 
pero sí durante el proceso de esporulación. En ascas 
homo z ig ó tic a s rgf2Δ la meio s is tien e luga r de maner a 
norma l, así como el desarro llo de la memb r a n a de la 
proesp ora. Sin embargo, estas ascas presentan aspecto 
inmadu r o y dan lugar a cuatro asco spo r a s que carecen 
de la refringe n c i a caracter í s t i c a de las esporas 
silvestr e s . La morfolog í a de las ascas mutantes es muy 
parec id a a la observ a d a en las ascas bgs2Δ, (muta n t e 
nulo para la β -glucán sintasa esencial en esporulación) 
(Liu et al., 2000 ; Martín et al., 2000). Además, la gran 
mayoría de las ascas mutantes ( rgf2Δ) no lib eran 
espontán eame n te las esporas al medio y cuando éstas 
se liberan mediante tratamiento enzimático, son 
incapa c e s de germin a r .  
 Todos esto s dato s indic a n que Rgf2p está 
particip an do en el proc e so de sínte s is de la pared de las 
ascosp oras y que en su ausencia éstas presentan una 
pared inmad u ra que les impi d e sobr ev iv ir, inclu so en 
cond icion es amb ien tales favo rab les. 
 
2. La actividad GS está disminuida en 
diploides rgf2 Δ 
N o s propu simo s enton ces, comp r ob ar si Rgf2p 
podría ser un reg u lad or de la activ id ad βG S duran te la 
espo ru la c ió n. Para cons egu ir una meio s is sinc ró n ica 
del cultiv o utiliza mo s un mutan te pat1-114 . En estas 
célula s , después de 6 horas de incub a c ió n a 34ºC, se 
inac tiv a la quin a s a Pat1p que es un inhib id or de la 
meiosis, por lo que los di ploide s empiezan a esporula r 
de manea sincró n ic a . En la cepa silv e s tr e se produ c e un 
gran aumen to de la activ id ad β G S, coin c id ie n do con la 
forma c ió n de la pared de las espo r a s, mientr a s que en 
las células rgf2Δ este pico de actividad es mucho 
meno r. Esto s dato s demu e s tr a n que Rgf2p contr ibu ye 
en gran medida a la activida d βG S duran te la 
espo ru lació n y por con sigu ien te, tamb ién a la sín tesis 
de la pared de la asco spo r a. 
Ademá s , Rgf2p -G F P se obser v a solamen te en la 
periferia de las ascosporas una vez que éstas están 
claramente delineadas y coinci d ie n do con la sínte s is de 
la pared . 
 
3 . La sobreexpresión de rgf2 +  produce un 
aumento de Rho1p activo durante el crecimiento 
vegetativo 
D a d a la simili t u d que pres en tan Rgf2 p y Rgf1p , 
nos pregun tamo s si Rgf2 p pod r ía actu ar tamb ién como 
activ a d or de Rho1p duran te el crecimiento vegetativo. 
La sobre exp r es ió n de rgf2 +  es letal para las 
célu la s , dando lugar a célu la s más larg a s de lo norma l, 
multise p tad a s y con septo s más engro s ad os . Ademá s , 
pud imo s comp r ob ar que el niv el de Rho1p activ o en 
estas células era muy superior al de la cepa silvestre y 
que tamb ién presentaban una activid ad βG S 
increme n t a d a .  
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4.  Rgf2p es necesaria para el mantenimiento 
de la integridad en ausencia de Rgf1p 
Co n el propó sito de inve s tiga r si Rgf2p tenía 
algun a func ión redun d an te con otros GEFs de Rho1 p, 
decidimo s construir todas las comb inaciones posib les 
de mutan te s doble s entr e estas tres prote ínas : Rgf1p , 
Rgf2 p y Rgf3 p. Sólo los gen es rgf1 +  y rgf2 +  resu ltaron 
ser sin tético s letales. Además , al igu al que les ocurre a 
las célu la s con nive les de Rho1p muy bajos (Are llano 
et al., 199 7), la letalid ad de la cep a rgf1Δrgf2Δ no 
pudo ser sup r imid a añadien do un estab ilizad o r 
osmó tico al me dio . 
Esto s resu ltado s sug ier en que Rgf1p y Rgf2p 
comp arten un papel esen cial como activadores de 
Rho1p durante el crecimiento vegetativo. 
A continu a c ión , nos preg unta mo s si Rgf1p y 
Rgf2 p poseían fun cion es intercamb iab les. Para ello, 
aumen ta mo s los nive les de rgf2 +  en una cepa rgf1Δ y 
observ a mo s que todos los defec to s propio s de estas 
célu la s fueron supr imid o s en mayo r o menor medid a .  
Por otro lado , quisimo s comp rob ar si lo 
contrario tamb ién era cierto , es decir, si Rgf1p podía 
realizar las fun cion es de Rg f2p en esporu la c i ó n . Para 
lo cual, expresa mo s rgf1 +  bajo el contr o l del promo to r 
de rgf2 + , de forma que hubiera una expresi ó n 
suficiente de este gen durante la esporulación. En estas 
cond icion es Rgf1p pudo tamb ién suprimir, aunqu e sólo 
parcialme n te, los defec to s de germin a c ió n de las 
ascosp or a s rgf2Δ.  
 
 Podemo s con clu ir por tan to, que Rgf1 p y Rgf2p 
son parcialme n te intercamb iab les, aun qu e sólo cuand o 
se expresa n a unos niveles adecu a do s en la célu la. 
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SCHIZOSACCHAROMYCES pombe  cells are rod 
shaped, grow mainly by elongation of their ends, and 
divide by binary fission after forming a centrally 
placed division septum (HAYLES and NURSE 2001). 
Upon nutrient starvation, especially that of nitrogen, S. 
pombe cells exit the mitotic cycle at G1 and proceed 
through mating and two meiotic divisions to generate 
four haploid spores (EGEL 2004; SHIMODA and 
NAKAMURA 2004; YAMAMOTO 2004). In each of these 
polarization states, a new membrane and cell wall are 
necessary to preserve cellular shape and integrity. 
The cell wall is a rigid structure that protects yeast 
cells, controlling all communication with the 
extracellular world. However, the cell wall must be 
loosened to allow expansion during periods of 
polarized growth, while it needs to be constrained 
when cells are growing in poor substrate conditions 
(LATGÉ 2007; LEVIN 2005). The S. pombe cell wall 
mainly consists of an outer layer rich in 
galactomannoproteins and an inner layer of β-1,3-, β-
1,6- and α-1,3-glucans (DURÁN and PÉREZ 2004; 
MANNERS and MEYER 1977). Among the 
polysaccharides, we focused on the β-1,3-glucan 
fibrillar network. β-1,3-glucan is the major structural 
component and is also the first polymer to be 
synthesized in regenerating protoplasts (OSUMI et al. 
1989) and in the S. pombe spore wall (GARCIA et al. 
2006; MARTIN et al. 2000). β-1,3-glucan biosynthesis 
is carried out by the β-1,3-glucan synthase complex 
(GS), a multimeric enzyme composed of both catalytic 
and regulatory subunits. The catalytic component is 
encoded by the bgs family of genes (bgs1+, bgs2+, 
bgs3+ and bgs4+) (CORTES et al. 2005; CORTÉS et al. 
2007; LE GOFF et al. 1999; LIU et al. 2002; LIU et al. 
2000b; MARTIN et al. 2003; MARTIN et al. 2000), 
while the regulatory component is the GTPase Rho1p 
(ARELLANO et al. 1996). The biochemistry of the GS 
complex has been characterized, but the assembly 
process and the activation mechanisms that polarize 
cell wall extension only to certain areas of the cell wall 
remain largely unknown. There is accumulating 
evidence that Bgs (β-GS) might be controlled by local/
temporal activation of Rho1p. Rho1p acts as a binary 
switch, cycling between an inactive GDP-bound and 
an active GTP-bound conformational state, stimulating 
GS in its GTP-bound prenylated form (ARELLANO et 
al. 1997; ARELLANO et al. 1996; NAKANO et al. 1997).  
During vegetative growth, Rho1p travels to the growth 
sites, poles, and septum to meet Bgs1p, Bgs3p and 
Bgs4p. The three GS catalytic subunits localize to the 
poles during tip elongation and to the septum during 
cytokinesis; all of them are large integral membrane 
proteins whose levels do not fluctuate along the cell 
cycle (LIU et al. 2002; MARTIN et al. 2003). Bgs1p is 
required for primary septum formation (CORTÉS et al. 
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2007), while Bgs3p and Bgs4p are good candidates for 
the synthesis of the β-1,3-glucan of the surrounding 
cell wall and the secondary septum, both with a similar 
composition (CORTES et al. 2005; HUMBEL et al. 
2001). β-1,3-glucan also accounts for 38% of the 
polysaccharides present in the spore wall (GARCIA et 
al. 2006). In spores, β-1,3-glucan synthesis is carried 
out by Bgs2p, the GS catalytic subunit specific for 
sporulation (LIU et al. 2000; MARTIN et al. 2000). 
Bgs2p is required for proper spore wall maturation and 
in its absence the spores are not released from the ascal 
sac and are unable to germinate (MARTIN et al. 2000). 
For GS activation, as well as for other functions, 
Rho1p must be precisely regulated in response to 
temporally preceding upstream signals. This regulation 
mainly involves two types of proteins: GEFs (guanine 
nucleotide exchange factors) and GAPs (GTPase 
activating proteins) (BOS et al. 2007; ROSSMAN et al. 
2005a). GEFs turn on signalling by catalyzing the 
exchange from G-protein-bound GDP to GTP, whereas 
GAPs terminate signalling by inducing GTP 
hydrolysis. All these proteins are multidomain proteins 
and play important roles in the specificity of Rho 
functions. In S. pombe there are at least three GEFs 
(Rgf1p, Rgf2p and Rgf3p) (GARCÍA et al. 2006b), and 
several putative GAPs (Rga1p, Rga5p and Rga8p) 
(CALONGE et al. 2003; NAKANO et al. 2001; YANG et 
al. 2003), all of them specific for Rho1p.  
Among the activators, rgf3+ was first cloned in our 
laboratory by complementation of a mutant (ehs2-1) 
hypersensitive to drugs that interfere with cell wall 
biosynthesis (TAJADURA et al. 2004). rgf3+ is essential 
for cell viability and the protein localizes exclusively 
to the middle region of the cell (MORRELL-FALVEY et 
al. 2005; MUTOH et al. 2005; TAJADURA et al. 2004). 
Rgf3p activates GS and increases the amount of cell 
wall β-1,3-glucan. Thus, it is probable that Rgf3p 
stimulates Rho1p-mediated activation of a type of GS 
activity that is crucial for proper septum function 
(TAJADURA et al. 2004). Rgf1p is not essential for 
viability, but it does play an important role in 
regulating the growth pattern of fission yeast cells and 
signals upstream from the Pmk1 mitogen-activated 
protein kinase pathway (GARCÍA et al. 2006a; GARCÍA 
et al. 2009). Rgf1p localizes to the cell tips in 
interphase cells and to the division septum in mitotic 
cells, and it activates the β-GS complex containing the 
catalytic subunit Bgs4p (GARCÍA et al. 2006a; 
MORRELL-FALVEY et al. 2005; MUTOH et al. 2005). 
Moreover, Rgf1p is required for actin reorganization 
necessary for cells to change from monopolar to 
bipolar growth during NETO (New End Take Off), 
thus coupling a cell polarity transition to cell wall 
biogenesis (GARCÍA et al. 2006a). Based on two-hybrid 
analysis and its protein sequence (MUTOH et al. 2005), 
Rgf2p has been proposed to be a Rho1p GEF. Rgf1p 
and Rgf2p are the closest relatives -63.4% identity 
within the DH domains- but while rgf1Δ cells are 
hypersensitive to cell wall-damaging agents and other 
types of stress, rgf2Δ cells are similar to wild-type 
cells and Rgf2p is not required for cell elongation or 
assembly of the division septum. 
Here we report that simultaneous depletion of Rgf1p 
and Rgf2p is lethal in vegetative cells and that mild 
overexpression of rgf2+ fully rescues the lysis and 
hypersensitivity to caspofungin, which interferes with 
cell wall integrity, of rgf1Δ cells. Our data strongly 
suggest that Rgf1p and Rgf2p share an essential 
function as Rho1p activators during vegetative growth. 
In addition, Rgf2p appears to play an essential function 
as a GS activator during the sporulation process. 
Following meiosis, rgf2-null mutants failed to properly 
assemble the spore wall, resulting in the formation of 
immature spores. The subcellular localization of Rgf2p 
supports its role in spore wall assembly. 
 
MATERIALS AND METHODS 
 
    Media, reagents and genetics: The genotypes of the S. pombe 
strains used in this study are listed in Table 1. The complete yeast 
growth medium (YES), selective medium (MM) supplemented with 
the appropriate requirements and sporulation medium (MEA) have 
been described elsewhere (MORENO et al. 1991). Caspofungin (Csp) 
was stored at -20° in a stock solution (2.5 mg/ml) in H2O and was 
added to the media after autoclaving at the corresponding final 
concentration. Crosses were performed by mixing appropriate strains 
directly on MEA plates and diploids allowed to sporulate at 28º. 
Recombinant strains were obtained by tetrad analysis. For 
synchronous meiosis, diploid strains homozygous for  pat1-114ts 
were cultured in MM-N at 24º for 18h, after which the temperature 
was shifted to 34º to induce meiosis (IINO et al. 1995). For 
overexpression experiments using the nmt1 promoter, cells were 
grown to logarithmic phase in EMM containing 15μM thiamine. 
Cells were harvested, washed three times with water, and inoculated 
in fresh medium (without thiamine) at an OD600=0.01. 
    Disruption of the rgf2 +  gene: The rgf2::ura4 + disruption 
construct was obtained in a two-step process. The 5´ non-coding 
region of the rgf2+ ORF [nucleotides (nt) -1475 to -23] was 
amplified by PCR, inserting the ApaI and SalI sites (one at each 
end), and was ligated into the same sites of the SK-ura4+ vector. The 
3´ flanking region of the rgf2+ ORF (nt +3604-5241) was amplified 
by PCR, inserting the BamHI and NotI sites as above, and was 
cloned into the same sites of pSK-ura+ with the 5´ end, to yield 
pGR2. rgf2+ gene disruption was accomplished using the 4.7 Kb 
fragment from pGR2 cut with ApaI and NotI and transforming the 
YS165 diploid strain. Transformants were replica-plated five times 
consecutively on YES medium to eliminate cells that had not 
integrated the construct. Integration was analysed by PCR using the 
f o l l o w i n g  o l i g o n u c l e o t i d e s :  I P C R - b  ( 5 ´ -
CACCATGCCAAAAATTACACAAGATAG AAT-3´) in the ura4+ 
gene; Rom3-ext-3´ (5´-GAGACGGTAAAATCACG-3´) 
downstream from nucleotide +5311, and therefore external to the 
disruption cassette; Rom3-int-3´ (5´-TCCAGCAAATGCAGCAG-
3´) in the rgf2+ gene. A diploid strain heterozygous for the 
rgf2::ura4+ allele was subjected to tetrad analysis. 2ura4+:2ura4- 
segregation indicating that rgf2+ is not essential for vegetative 
growth. To make the rgf2::his  disruption construct (pRZ38), the 
upstream ApaI-SalI fragment and the downstream 1.6 Kb BamHI-
NotI fragment were ligated into the same sites of pSK-his3+. Plasmid 
pRZ38 was digested with ApaI and NotI and the linear DNA 
containing the cassette was used transform a haploid strain (YS64). 
rgf2::his3 disruptants (GRG55) were tested for stability and analysed 
by PCR. 
    Construction of plasmids and strains: rgf2+ was obtained from 
cosmid SPA1006. First, upstream (1.4 Kb) and downstream (1.6 Kb) 
flanking sequences from rgf2+ obtained by PCR amplification were 
subcloned into ApaI-SalI and BamHI-NotI from pAL-KS (S. pombe 
ars1+ and S. cerevisiae LEU2 selection) to make plasmid pGR3. 
Then, we cloned a 3.7 Kb XhoI-SphI fragment from cosmid 
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SPA1006 (containing the rgf2+ ORF) into pGR3 (cut with XhoI-
SphI) to obtain pGR13, bearing the entire rgf2+ ORF and flanking 
sequences. To tag Rgf2p at the C-terminus with enhanced green 
fluorescent protein (engineered with 8 alanines at the N-terminus) 
and with the triple repeat of the influenza virus haemagglutinin 
epitope (HA) (CRAVEN et al. 1998), pAL-rgf2+ (pGR13) was 
modified by site-directed mutagenesis. We destroyed the NotI site at 
the multiple cloning site and created a NotI site by site-directed 
mutagenesis three nt before the TAG stop codon of rgf2+ (pGR39). 
The 8ala-GFP and HA epitopes were inserted in-frame at the NotI 
site of pGR39. pGR76 (pAL-rgf2+-8ala-GFP) and pGR51 (pAL-
rgf2+-HA) fully complemented the rgf2Δ phenotypes. Strain 
(PG260), containing a chromosomal copy of rgf2+ tagged with 8ala-
GFP, was obtained using a PCR-based approach, as described by 
(BÄHLER et al. 1998). The primers 5´-CAATTCCATTTT 
CATCTGGAGAAAATCCTATAGTTCATTCTTTAATACTTCCT
CCAGCAAATGCAGCAGGTCCTGCACTTGGTGGTGGTGGTG
G G A T C C C C G G G T T A A T T A A 3 ´  a n d  5 ´ -
GGTCATAGATTCTTGAAGCTTAGATTGTAATAGCATATATA 
TAATCAATTGATGTGGCATGCAAAAGATGTCCGGAGTAGG
AATTCGAGCTCGTTTAAAC-3´ were used to amplify GFP-kan 
from pFA6a-GFP(S65T)-kanMX6. The same approach was used to 
construct the strain (PG115) with the endogenous rgf1+ gene driven 
b y  t h e  8 1 X n m t  p r o m o t e r .  T h e  p r i m e r s  5 ´ -
GTAACCAATGCGAACGCAATTAAAATAAAATAAGTCAATA 
GCATAGTCATAGAAATCGATCAATTGTTATCCGGAGAATT
C G A G C T C G T T T A A A - 3 ´  a n d  5 ´ -
CTTGGAGCACCAAAAATTTCCTCATAAGCACGCGAGCTCT 
CATTCACACCGAGTGCATTTGGATGCCGTAATCCATTGCCA
TGATTTAACAAAGCGACTATA-3´ were used to amplify kan-
P81xnmt from pFA6a-kanMX6-P81nmt. To make strain GRG33, 
P81nmt-rgf1 rgf2Δ, the rgf2::ura4+ disruption cassette from pGR2 
was used to transform PG115 cells carrying the endogenous rgf1+ 
promoter replaced by the P81nmt promoter. To make strain PG94, 
P81nmt-rgf3 rgf1Δ, the rgf1::his3+ disruption cassette (GARCÍA et al. 
2006a) was used to transform VT88 cells carrying the rgf3+ gene 
driven by the P81nmt promoter (TAJADURA et al. 2004). Strain 
PG395, P81nmt-rgf3 rgf1Δ, was obtained from VT88 cells carrying 
the rgf3+ gene driven by the P81nmt promoter, transformed with the 
rgf2::his3+ disruption cassette and analyzed by PCR.  
For rgf2+ overexpression, pGR13 (pAL-rgf2+) was modified by 
site-directed mutagenesis, introducing Xho I and SmaI sites flanking 
the rgf2+ ORF and thus creating pGR69. The rgf2+ ORF from pGR69 
was cloned into the same sites of pREP3X, pREP41X and 
pREP81X, thus making pGR70, pGR71 and pGR72 respectively. For 
pREP3X-rgf2-PTTRΔ (pGR93), the rgf2+ ORF from pGR69 was 
mutagenized by site-directed mutagenesis to eliminate the sequence 
“cctacgactcgc”. The mutated ORF was subcloned as a Xho I-SmaI 
fragment into the same sites of pREP3X. To overexpress rgf2+ 
TABLE 1 
S. pombe strains used in this work 
_____________________________________________________________________________________________________ _____________________________________________________________________________________________________ 
 
Strains  Genotype                    Source 
_____________________________________________________________________________________________________ 
 
YSM180 h- 972          Our collection 
PG242  h+ rgf2::ura4 +         This work 
YS64  h- leu1-32 ade6M210  ura4D-18 his3D1     Our collection 
YS71  h+ leu1-32 ade6M210  ura4D-18 his3D1     Our collection 
PG1  h- leu1-32 ade6M210  his3D1 ura4D-18 rgf2::ura4 +    This work 
PG5  h+ leu1-32 ade6M210  his3D1 ura4D-18 rgf2::ura4 +    This work 
PG9  h90 leu1-32 ade6M210  his3D1 ura4D-18 rgf2::ura4 +    This work  
YS260  h90 leu1-32 ade6M210  his3D1 ura4D-18     Our collection 
YS527  h- leu1-32 ade6M210  his3D1       H. Valdivieso lab 
YS165  h+/h- leu1-32/ leu1-32 ade6M210 /ade6M216  ura4D-18/ura4D-18   
   his3D1/his3D1         Our collection 
PG3  h+/h- leu1-32/ leu1-32 ade6M210 /ade6M216  rgf2::ura4+/rgf2+ 
ura4D-18/ura4D-18 his3D1/his3D1     This work  
PG107  h-/h- pat1-114/pat1-114 leu1-32/leu1-32 ade6M-210/ade6M-216  S. Moreno lab 
PG110  h-/h- rgf2::ura4 +/rgf2::ura4 + pat1-114/pat1-114 leu1-32/leu1-32  
ade6M-210/ade6M-216       This work 
PG115  h- leu1-32 his3D1 ura4D-18 ade6M210 P81Xnmt-rgf1 +   This work  
VT88  h- leu1-32 ade6M210  ura4D-18 his3DI 81 nmt-rgf3+-ura4+   Our collection 
PG94  h- leu1-32 ade6M210  ura4D-18 his3DI rgf1::his3 + P81Xnmt-rgf3 +-ura4+ This work 
PG395  h- leu1-32 ade6M210  ura4D-18 his3DI rgf2::his3 + P81Xnmt-rgf3 +-ura4+ This work 
GRG33 h- leu1-32 ade6M210  his3D1 ura4D-18 rgf2::ura4 +P81Xnmt-rgf1 +  This work 
GRG55 h- leu1-32 ade6M210  his3D1 ura4D-18 rgf2::his3 +    This work 
GI1  h- ehs2-1 leu1-32        Our collection 
PG105  h- ehs2-1 leu1-32 ura4D-18 rgf2::ura4 +     This work 
MS228  h90 leu1-32 his3D1 bgs2::his3 +       Our collection 
NG188  h90 leu1-32 ade6M210  his3D1 ura4D-18 rgf2::ura4 + bgs2::his3 +  This work 
PG280  h90 leu1-32 ade6M210  his3D1 ura4D-18 rgf2::ura4 +chs1::his3 +  This work 
PG222  h90 leu1-32 ade6M210  his3D1 ura4D-18 mok12::ura4 + rgf2::his3 +  This work 
PPG1.60 h- HA:rho1 leu1-32        P. Pérez lab 
PPG2.17 h+ leu1-32 ura4D-18 rho1::ura4 + p41X-rho1+     P. Pérez lab 
PG260  h90 leu1-32 ura4D18 rgf2-GFP::kan R      This work 
VT14  h- leu1-32 ade6M210  ura4D-18 his3D1 rgf1::his3 +    Our collection 
PG88  h+ leu1-32 ura4D-18 cdc10-129 rgf1::his3 +     Our collection 
MS168  h- leu1-32 ura4D-18 cdc10-129      Our collection 
______________________________________________________________________________________________________ 
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tagged with HA or GFP, the rgf2+ ORF was obtained from pGR51 
(pAL-rgf2+-HA) or pGR76 (pAL-rgf2+-8ala-GFP) respectively. 
pGR83 is pREP41X-rgf2+-HA; pGR84 is pREP41X-rgf2+-8ala-GFP; 
pGR85 is pREP3X-rgf2+-HA, and pGR86 is pREP3X-rgf2+-8ala-
GFP. Plasmid pNG45, bearing the rgf1+ ORF under the control of the 
rgf2+ promoter, was obtained by eliminating the nmt1 promoter from 
pGR33 (pREP3X-rgf1+) by digestion with PstI-NcoI and replacing it 
with the rgf2+ promoter obtained by PCR with PstI-NcoI tails. 
pREP3X-rho1+ was kindly provided by P. Pérez and is described in 
(ARELLANO et al. 1996). 
    Cell wall analyses:  Enzyme preparations and GS assays were 
essentially performed as described previously (MARTIN et al. 2000). 
1 × 109 cells were harvested, washed twice with buffer A (50 mM 
Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM β-mercaptoethanol) and 
resuspended in 100 µl of the same buffer. Lysis was achieved in a 
Fast-Prep device, using 0.4 g of glass beads and spinning three times 
for 15 s at a speed setting of 5. The resulting homogenates were 
collected by adding 3 ml of buffer A. The cell walls were removed 
by low-speed centrifugation (5000 g for 5 min at 4°C). The 
supernatant was centrifuged for 30 min at 48 000 g, and the 
membrane pellet was resuspended in 0.3 ml of buffer A containing 
33% glycerol and stored at −70°C. Standard GS assays contained 15-
25 μg protein of enzyme extract (3-5 mg protein/ml) in a total 
volume of 40 μl, and the reaction mixture was incubated at 30º for 
60-90 min. All reactions were carried out in duplicate and values 
were calculated from two independent cell cultures. One unit of 
activity was measured as the amount that catalyses the uptake of 1 μ
mol of substrate (UDP-D-glucose) min-1 at 30º. 
    Pull-down assay for GTP-bound Rho proteins: The expression 
vector pGEX-C21RBD (rhotekin-binding domain)(REID et al. 1996) 
was used to transform Escherichia coli cells. The fusion protein was 
produced according to the manufacturer´s instructions and 
immobilized on glutathione-Sepharose 4B beads (Amersham). After 
incubation, the beads were washed several times and the bound 
proteins were analyzed by SDS-PAGE and stained with Coomassie 
brilliant blue. The amount of GTP-bound Rho proteins was analysed 
using the Rho-GTP pull-down assay modified after (REN et al. 
1999). Briefly, extracts from 50-ml cultures of wild-type cells 
transformed with pREP3X, pREP3X-rgf2+ (pGR70) or pREP3X-
rgf2-PTTRΔ (pGR93), containing HA-rho1+ expressed from its own 
promoter, were obtained using 200 μl of lysis buffer (50 mM Tris, 
pH 7.5, 20 mM NaCl, 0.5% NP-40, 10% glycerol, 0.1 mM 
dithiothreitol, 1 mM NaCl, 2 mM MgCl2, containing 100 μM p-
aminophenyl methanesulfonyl fluoride, leupeptin, and aprotinin). 
100 μg of GST-RBD fusion protein coupled to glutathione-agarose 
beads was used to immunoprecipitate 1.5 mg of cell lysates. The 
extracts were incubated with GST-RBD beads for 2 h. The beads 
were then washed with lysis buffer four times, and bound proteins 
were blotted against 1:5000-diluted 12CA5 mAb as primary 
antibody to detect HA-Rho1p. The total amount of HA-Rho1p was 
monitored in whole-cell extracts (25 μg of total protein), which were 
used directly for Western blot and were developed with 12CA5 
mAb. Immunodetection was accomplished using the ECL detection 
kit (Amersham Biosciences). 
    Microscopy techniques:  The localization of Rgf2p-GFP was 
visualized in living cells. For Calcofluor staining, exponentially 
growing S. pombe cells were harvested, washed once, and 
resuspended in water with Calcofluor white (Cfw) at a final 
concentration of 20μg/ml for 5 min at room temperature. After 
washing with water, the cells were observed under a DMRXA 
microscope (Leica, Wetzlar, Germany).  
 
RESULTS 
 
    Rgf2p is required for ascospore development: 
Rgf2p belongs to a family of guanine nucleotide 
exchange factors (GEFs) in S. pombe (GARCÍA et al. 
2006b) (http://www.genedb.org/genedb/pombe/
index.jsp). Rgf2p contains a putative Dbl homology 
domain (DH) (amino acid residues -aa- 461-633) found 
in proteins responsible for the activation of Rho-family 
GTPases). Adjacent and C-terminal to the DH domain 
is a pleckstrin homology domain (PH) (aa 670-805), 
which has been proposed to localize GEFs proteins to 
the plasma membrane and to regulate their GEF 
activity through allosteric mechanisms (ROSSMAN and 
SONDEK 2005b). Apart from the DH-PH module, 
Rgf2p contains at least two additional predicted 
functional domains: a DEP (Dishevelled, Egl-10 , and 
Pleckstrin) domain (aa 212-287) and a CNH (Citron 
and NIK1-like kinase homology domain ) (aa, 827-
1120) (Figure 1A). Within the GEF family, the closest 
relative to Rgf2p is Rgf1p (GARCÍA et al. 2006b). The 
percent identity between the deduced amino acid 
sequence of the DH domain of Rgf2p and Rgf1p is 
63.4%, while the identity is less than 20% between the 
DH domain of Rgf2p and Rgf3p, Scd1p and Gef1p. 
Moreover, the distribution of the DEP, DH-PH and 
CNH domains is similar in both proteins, suggesting 
that the N-terminus is shorter in Rgf2p, although this 
has yet to be proved. 
To investigate the function of rgf2+ in greater depth, 
we constructed and examined the phenotypes of S. 
pombe strains in which rgf2+ had been deleted (see 
MATERIALS AND METHODS) (Figure 1). Haploid 
rgf2Δ transformants were obtained as readily as diploid 
transformants, indicating that rgf2+ was not required 
for cell growth. rgf2Δ cells did not exhibit any evident 
morphological changes, as judged by light microscopy, 
and the rgf2Δ strain grew well under standard growth 
conditions at either 28º or 37º and entered stationary 
phase at the same time as the wild-type cultures. We 
noticed that rgf2Δ cells even grew slightly faster than 
wild-type cells (not shown). We also examined cell 
viability of stationary phase rgf2Δ and rgf2+ cultures 
incubated for 4 days at 28º; both strains were found to 
be >90% viable during this period. 
Next, we looked at the effect of the mutation on 
mating and sporulation. The mating rate was not 
affected in rgf2Δh+ x rgf2Δh- crosses (data not shown), 
but we did observe a sporulation defect. In wild-type, 
70% of the culture showed refringent ascospores after 
24 hours. By contrast, no examples of mature asci were 
observed in the rgf2Δ mutant. The rgf2Δ zygotes 
appeared dark, although it was possible to differentiate 
the outline of the four ascospores inside the asci 
(Figure 1B). The sporulation defect seen in rgf2Δ 
homozygous zygotes was rescued by the plasmid 
carrying the rgf2+ gene (pGR13), but not by the vector 
alone (pAL). Moreover, heterozygous zygotes (rgf2Δ/
rgf2+) generated phenotypically wild-type asci, with 
four viable and refringent ascospores. This result 
indicates that the rgf2Δ allele is recessive and suggests 
that rgf2+ expression takes place before the time of 
prospore enclosure. To pinpoint the exact time at 
which rgf2+ begins to play its role in sporulation, we 
examined the meiotic time-course of rgf2Δ gene 
expression by Northern analysis. Synchronous meiosis 
was induced using the pat1-114 mutation (see 
MATERIALS AND METHODS). As shown in Figure 
1C, rgf2+ mRNA was detectable in vegetative cells (at 
0 h) and rgf2+ mRNA peaked at 5 h when cells were in 
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meiosis II, although a certain level of rgf2+ mRNA was 
maintained during spore wall maturation. The rgf2+ 
induction profile was similar to that described by 
(MATA et al. 2002), available on the S. pombe gene 
database (http://www.genedb.org/genedb/pombe/
index.jsp). Taken together, these observations indicate 
that rgf2+ is required for spore development and that its 
induction profile is that of a late gene whose 
expression is induced just before the bulk of refringent 
ascospores appear. 
 
   Rgf2p is required for the assembly of functional 
spore walls: The induction profile of rgf2+ and the fact 
that RhoGTPases play important roles in the regulation 
of protein transport and membrane recycling, prompted 
us to test the possibility that the rgf2Δ mutation might 
be affecting forespore membrane (FSM) expansion 
during the early stages of sporulation. To this end, the 
envelopes of the developing spores were monitored 
using a GFP-tagged marker protein (Mde10 fused to 
GFP in plasmid A799) and nuclei stained with the 
Hoechst DNA-specific fluorophore. We constructed an 
rgf2Δ h90 (PG9) and the isogenic h90 wild-type parental 
strain (YS260). Both homothallic strains were 
transformed with plasmid A799 (kindly provided by 
Dr Hiraoka, Kobe, Japan, (DING et al. 2000; 
NAKAMURA et al. 2004)), cultured in MM (-N) for 
10h, and stained with Hoechst reagent. Both the first 
and the second meiotic divisions in the mutants 
proceeded with similar kinetics to those of wild-type 
cells (not shown). Moreover, 86% of the rgf2Δ asci 
showed four spore-like structures outlined by GFP 
signals (n=40 asci labeled with GFP) (Figure 2A). Our 
results clearly indicate that the rgf2Δ mutation does not 
impair meiosis or the normal development of the FSM. 
In wild-type cells, refringent spore walls were first 
seen after 12 h in sporulation medium. In contrast, 
microscopic examination of rgf2Δ cells revealed dark 
cells, suggesting that the mutants were blocked during 
the assembly of the spore wall: the structure that 
confers the spore refringence and a high degree of 
resistance to stressful conditions. This phenotype 
suggests a delay in ascospore maturation. Even after 
prolonged incubation in sporulation medium no 
increase in the number of refringent spores was 
observed. 
We then examined whether the rgf2Δ mutant diploid 
was able to give rise to viable ascospores capable of 
germinating in rich medium. We noted that the rgf2Δ 
asci were not dehiscent, which meant that we could not 
release single ascospores by simple 
micromanipulation. To ascertain spore survival, we 
isolated and individually micromanipulated 200 
zygotes of each strain onto rich solid medium (YES or 
YES plus sorbitol). Most of the wild-type zygotes were 
viable and formed colonies (82%), whereas the rgf2Δ 
zygotes largely failed to germinate (18% viability) 
(Figure 2B). The percent germination was similar, 
regardless of the presence or absence of sorbitol. To 
test the possibility that the rgf2Δ spores were impaired 
in germination because they failed to break the ascal 
sac, we treated the sporulating cultures with helicase, 
an enzyme that destroys vegetative cells and releases 
single ascospores from the ascus. The rgf2Δ 
ascospores released after treatment (0.2% helicase, o/n 
at room temperature) were grey and showed an 
aberrant morphology, different from that of the wild-
type ascospores, which were round and refringent. The 
plating efficiency of rgf2Δ spores was less than 1% as 
compared to 81% for the wild-type spores (Figure 2B), 
and it was independent of the presence of sorbitol in 
the medium. We then examined spore integrity by 
   FIGURE 1.—Rgf2p is required for ascospore 
development. (A) Schematic representation of the 
structural features of the Rgf2 protein analysed by the 
SMART program (http://smart.embl-heidelberg.de/). 
Domains are indicated: DEP, is present in signalling 
molecules and is responsible for mediating intracellular 
protein targeting (CHEN and HAMM 2006); RhoGEF/DH 
domain (Dbl homology domain), conserved among GEFs 
for Rho/Rac/Cdc42-like GTPases; PH, pleckstrin 
homology domain (ROSSMAN and SONDEK 2005b); 
CNH, citron homology domain, required for protein-
protein interaction (TAIRA et al. 2004). (B) Sporulation 
phenotype of wild-type (YS64 x YS71) and rgf2Δ (PG1 
x PG5) cells incubated for 24h on MEA. Phase contrast 
micrographs are shown on the left and Nomarsky 
micrographs are shown on the right. (C) rgf2+ mRNA is 
highly induced during meiosis. Synchronous meiosis was 
induced in diploid cells carrying the pat1-114ts 
temperature-sensitive allele by a temperature upshift 
(34º) after overnight incubation in nitrogen-free medium 
at the permissive temperature (25º). The kinetics of 
meiosis in the pat1-114ts mutant was followed by 
staining a portion of the culture every 2 h with Hoechst 
stain and is shown in the graphic. Total RNA samples 
were prepared at the indicated times and subjected to 
Northern blot analysis. Ethidium bromide staining of 
rRNA is presented as a loading control.  
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staining spores with the vital dye Methylene Blue 
(0.01%, w/v), a dye that only enters dead cells. Figure 
2B shows that while most of the wild-type spores were 
impermeable to the Methylene Blue stain, more than 
95% of the rgf2Δ spores were stained. These results 
suggest that ascospore maturation does not proceed 
properly in the rgf2Δ/rgf2Δ homozygous zygotes and 
that these spores probably lacked one or more of the 
wall layers responsible for spore resistance and 
refringency. 
 
   Glucan synthase activity is diminished in 
sporulating rgf2 Δ diploids: We next analyzed 
whether Rgf2p might be acting as a glucan synthase 
(GS) regulator during sporulation. First, we examined 
the effects of rgf2Δ disruption on GS activity during 
ascospore development. To synchronize the cells, we 
obtained diploid rgf2+ and rgf2Δ strains harboring a 
pat1-114 mutation (PG107 and PG110 respectively). 
Cells grown in MM without nitrogen were incubated at 
the restrictive temperature (34º) and portions of the 
culture were sampled every 2 h.  Between 4 and 8 h 
after the induction of sporulation, and coinciding with 
the appearance of the rgf2+ transcript, GS activity 
increased; this reached a maximum at 6h. After 10 h, 
GS activity declined, with the widespread appearance 
of mature asci. This activity peak was strongly 
diminished in the rgf2Δ diploid strain (Figure 3A, left). 
This result indicates that Rgf2p is involved in β–glucan 
biosynthesis during sporulation. 
We also observed that the rgf2Δ phenotype, 
characterized by dark, immature spores, resembled that 
previously seen in the bgs2Δ mutants, which are 
defective for the glucan synthase catalytic subunit (GS) 
(LIU et al. 2000; MARTIN et al. 2000). We therefore 
reasoned that if Rgf2p was acting as a Rho1p-GEF, 
and was thus activating β–glucan synthesis, the double 
mutant rgf2Δbgs2Δ would be blocked at the same 
stage as each individual mutant. This can be seen in 
Figure 3A (right): the rgf2Δbgs2Δ homozygous asci 
are apparently very similar to the individual rgf2Δ and 
bgs2Δ homozygous asci. We have previously shown 
that the bgs2Δ phenotype is epistatic to the chs1Δ 
phenotype (chitin synthase mutant) (ARELLANO et al. 
2000), and to the mok12Δ phenotype (α-glucan 
synthase mutant) in homozygous diploids, suggesting 
that β-glucan synthesis occurs within the prospore 
membrane before the deposition of other layers on the 
spore surface (GARCIA et al. 2006; MARTIN et al. 
2000). In a similar approach, we observed that the 
morphology of the spores from homothallic strains 
rgf2Δchs1Δ (PG280) and rgf2Δmok12Δ (PG222) was 
dark and uniform, very similar to that of the rgf2Δ 
spores (data not shown). 
To determine the intracellular localization of Rgf2p, 
the coding sequence of GFP was fused in-frame before 
the stop codon of rgf2+ using a PCR-based approach 
(BÄHLER et al. 1998). The resulting strain (PG260) 
contained the fusion under the control of the native 
rgf2+ promoter and the fusion protein was fully 
functional. As shown in Figure 3B, the fluorescence 
signal appeared to be localized uniformly at the 
periphery of the spore, probably associated with the 
forespore inner membrane. Consistent with the timing 
of expression of its mRNA, Rgf2-GFP fluorescence 
appeared in the fraction of cells that had already 
undergone meiosis I and II, where the spore outline 
was perfectly defined (see Nomarsky photos). The 
fluorescence signal was completely absent in 
vegetative cells grown in rich medium. To ascertain 
whether the lack of signal might be a consequence of 
the low expression of Rgf2p-GFP during vegetative 
growth, we expressed the Rgf2p-GFP on a multicopy 
plasmid (pAL-rgf2+-8ala-GFP). Under these 
conditions, Rgf2p fluorescence localized to the 
   FIGURE 2.—Characterization of the phenotype of the rgf2 
disruptants in sporulation. (A) Encapsulation of nuclei in rgf2Δ 
spores. The homothallic haploid strains YS260 (h90 rgf2+) and PG9 
(h90 rgf2Δ) harbouring the A799 plasmid were incubated in MM-N 
and samples were taken after 12 h. FSM (fore-spore membranes) 
were visualized by fluorescence (Mde10-GFP) and nuclei by 
Hoechst staining. In rgf2Δ cells, >80% of the spore envelope 
encapsulated a single nucleus (n=40 sporulated cells). (B) Efficiency 
of zygotes and ascospore germination in rgf2Δ homothallic strains. 
In the left panel, strains YS260 (h90 rgf2+) and PG9 (h90 rgf2Δ) were 
incubated on MEA plates and the zygotes from 2-day sporulation 
plates were micromanipulated individually (n= 200 of each strain), 
spotted onto YES plates, and incubated at 28º. For spore survival, 
cells from 3-day sporulation cultures were resuspended in 1 ml of 
water to an OD600 20, treated with helicase (0.2%) for 12 h, and 
diluted with water. The same dilutions of each strain were spread 
onto YES plates and incubated for 3 days. In the right panel, the 
spores treated with helicase as above were stained with Methylene 
Blue (0.01% in 0.2M acetate buffer, pH 5). Lysed cells appear dark 
blue due to staining with the vital dye.  
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growing ends, the septum, and also slightly spread out 
along the cell surface (Figure 3B, right panel). 
 
rgf2 +  overexpression elicits an aberrant 
morphology, promotes the GDP-GTP exchange, 
and increases β (1,3)-glucan synthase during 
vegetative growth: The above results prompted us to 
investigate whether Rgf2p might play a role as a 
Rho1p activator during vegetative growth. For these 
experiments, the rgf2+ gene was cloned under the 
thiamine-repressible nmt1 promoter in the pREP3X 
vector. Plasmid pREP3X (empty) or pREP3X-rgf2+ 
(overexpressor) were transformed into wild-type cells 
expressing HA-rho1+ from its own promoter. It has 
been reported that overexpression of rho1+ is not lethal 
but produces swollen and multiseptated cells, with 
thick walls and thick septa (ARELLANO et al. 1996; 
NAKANO et al. 1997). Surprisingly, when thiamine was 
eliminated to enhance rgf2+ expression, the cells were 
unable to produce visible colonies on plates. After 18 
hours of induction in liquid culture, the cells were 
larger than wild-type cells and displayed multiple 
abnormal septa. These cells also showed a general 
increase in Calcofluor white (Cfw) fluorescence, most 
of them containing aberrant depositions of Cfw-
stainable material (see cells marked with an arrow in 
Figure 4A).  
Next, we analysed the in vivo amount of GTP-bound 
Rho1p in cells overexpressing Rgf2p. After induction 
of the nmt1 promoter for 20 h, the amount of Rho1p 
bound to GTP was precipitated with GST-C21RBD, 
the rhotekin-binding domain (which had previously 
been obtained and purified from bacteria), and blotted 
with anti-HA antibody (Figure 4B). Western blots of 
whole extracts (25 μg protein) showed that the total 
amount of Rho1p was similar in all strains. However, 
the amount of active Rho1p increased considerably in 
the strain overexpressing Rgf2p as compared with the 
wild-type strain (Figure 4B). As a control we examined 
whether the GEF domain was required for the Rgf2p-
related overexpression phenotypes. We created a 
deletion mutant in the RhoGEF domain of Rgf2p 
(rgf2-PTTRΔ). The four amino acids deleted in the 
rgf2-PTTRΔ mutant (proline-threonine-threonine-
arginine, PTTR) have been predicted to be located on 
helix H8 (CR3), which is the most highly conserved 
region of the DH domain and is where many mutations 
that decrease nucleotide exchange activity map (LIU et 
al. 1998; SOISSON et al. 1998). We have previously 
shown that a similar mutation in Rgf1p (rgf1-PTTRΔ 
mutant) produces a loss-of-function phenotype 
(GARCÍA et al. 2006a; GARCÍA et al. 2009). As 
expected, overexpression of the rgf2-PTTRΔ mutant in 
a pREP3X vector produced viable cells and no 
multiseptated phenotype was seen, even at very long 
times of derepresion in the absence of thiamine (Figure 
4A). Moreover, overexpression of the mutated version 
(rgf2-PTTRΔ) did not increase the amount of GTP-
Rho1p (active-Rho1p) in a “pull down” binding assay 
(Figure 4B). 
Finally, we analysed glucan synthase (GS) activity 
   FIGURE 3.—Glucan synthase activity is 
diminished in sporulating rgf2Δ diploids. (A) 
In vitro β-GS activity in wt and rgf2Δ 
sporulating strains (left). The diploid strains 
rgf2+ and rgf2Δ harboring a pat1-114 
mutation (PG107 and PG110 respectively) 
were grown in MM-N and incubated at the 
restrictive temperature (34º). Then, 100 ml 
portions of the culture were sampled every 2 
h and assayed for GS activity, starting 4 
hours after the temperature shift (see 
MATERIALS AND METHODS). The values 
shown are from one experiment, but similar 
results were obtained in 2 additional 
independent experiments. Specific activity is 
expressed as mU/mg protein. The final GTP 
concentration in the assay was 150 μM. 
Sporulation phenotype of wild-type (YS260), 
bgs2Δ (MS228), rgf2Δ (PG9) and rgf2Δbgs2
Δ (NG188) homothallic haploid strains 
(right). (B) Localization of Rgf2p during 
sporulation. Left panel: Rgf2p was detected 
in cells of strain PG260 carrying the 
chromosomal copy of Rgf2p tagged with 
GFP and incubated in sporulation medium for 
14 h. The Rgf2p-GFP signal was observed 
when the spore outline was defined. Right 
panel: Localization of Rgf2p in vegetative 
cells. Early log-phase cells containing the 
rgf2+-GFP fusion allele on a plasmid 
(pGR76) were visualized for GFP 
fluorescence.  Rgf2p localizes to the growing 
regions: one or both poles and the septum. 
The scale bar represents 10 μm.  
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during rgf2+ overexpression. GS activity was threefold 
higher than that observed in the wild-type strain 
(Figure 4C). To corroborate these results, we also 
studied the activity in cells overexpressing rho1+ and 
rgf2+ at the same time (transformed with pREP4X-
rho1 and pREP3X-rgf2 plasmid). As described 
previously, cells overexpressing rho1+ showed an 
increase in GS activity (Figure 4C) (ARELLANO et al. 
1996). This increase was considerably higher (9-fold) 
in cells that overexpressed rgf2+ at the same time 
(Figure 4C). These results clearly indicate that Rgf2p 
is involved in the regulation of β(1,3)-glucan 
biosynthesis. 
 
    Synthetic lethality of rgf2: : ura4 +  and rgf1 :: his3 + : 
We used genetic approaches to ascertain whether 
Rgf2p showed any functions overlapping with the 
other Rho1p GEFs, Rgf1p and Rgf3p. First, we 
investigated whether rgf1+ and rgf2+ interacted 
genetically. After analysing tetrads of a rgf1::his3+ h- x 
rgf2::ura+ h+ cross, we failed to find any double mutant 
spore (rgf1Δrgf2Δ). Of 18 asci dissected: 11 yielded 
one his- ura- spore, one his+ ura- spore, one  his- ura+, 
and one unviable spore predicted to be his+ ura+. Three 
asci yielded 4 viable parental-type spores, and 2 asci 
yielded 3 viable parental-type spores. None of the 11 
spores predicted to be rgf1::his3+ rgf2::ura+ was 
viable, strongly supporting the idea that simultaneous 
disruption of rgf1+ and rgf2+ is lethal. To eliminate the 
possibility that these mutations might be affecting only 
sporulation or germination, we also tested for synthetic 
lethality during vegetative growth. We created a strain, 
P81nmt-rgf1 rgf2Δ (GRG33), deleted for the rgf2+ 
gene and with the endogenous rgf1+ promoter replaced 
by the P81nmt promoter (P81nmt is a thiamine-
regulatable and reduced expression-rate promoter 
derived from the nmt1 promoter, (FORSBURG 1993). As 
shown in Figure 5A, the cells displayed normal 
morphology when rgf1+ was expressed in the absence 
of thiamine (promoter on). Six hours after the addition 
of thiamine to repress rgf1+ expression, 68% of the 
cells had shrunk, and after 9 hours the whole culture 
had lysed (Figure 5A). The lysis phenotype seen in the 
P81nmt-rgf1rgf2Δ double mutant was similar to that 
observed in the rgf1Δ mutant, and in cells depleted for 
Rgf3p or Rho1p. However, while Rho1p depletion 
causes cell death mainly after cytokinesis, in this case 
most of the cells lysed as single and long cells, a 
phenotype characteristic of the rgf1+ null mutants and 
probably related to their NETO defect (ARELLANO et 
al. 1997; GARCÍA et al. 2006a). The cell death due to 
Rho1p depletion cannot be prevented by an osmotic 
stabilizer (ARELLANO et al. 1997) and (Figure 5B), 
while the same phenotype produced by Rgf3p 
depletion is prevented by 1.2 M sorbitol (TAJADURA et 
al. 2004). We therefore examined whether the double 
mutant P81nmt-rgf1rgf2Δ shut-off phenotype could be 
rescued by osmotic support. As shown in Figure 5B, 
both Rgf1p Rgf2p-depleted, and Rho1p-depleted cells 
were unable to grow in YES medium (promoter off) 
regardless of the presence or absence of 1.2M sorbitol.  
We also tested whether any other combination 
between mutations of Rho1p activators might cause 
cell death. Rgf3p is essential, so we used a strain with 
a TS mutation in rgf3+, the ehs2-1 mutation that stands 
for “echinocandin-hypersensitive”. At 37º in liquid 
   FIGURE 4.—rgf2+ overproduction (OP) 
produces aberrant cells and increases β–GS 
activity. (A) Phenotype of Rgf2p OP. 
Overexpression of rgf2+ causes cell growth arrest 
and an abnormal accumulation of cell wall 
material. Nomarsky and Calcofluor-stained UV 
micrographs of wild-type cells transformed with 
pREP3X (empty plasmid), pREP3X-rgf2+ (Rgf2-
OP) or pREP3X-rgf2RTTPΔ (Rgf2RTTPΔ - OP) 
grown without thiamine for 20 h. Overexpression 
of the Rgf2-PTTR protein (mutated in the RhoGEF 
domain) gave rise to wild-type morphology.  (B) 
The level of Rgf2p modulates the amount of GTP-
bound Rho1p in vivo. Wild-type cells expressing 
HA-rho1+ from its own promoter (PPG1.60) were 
transformed with plasmid pREP3X, pREP3X-rgf2+ 
or pREP3X-rgf2RTTPΔ as above. GTP-Rho1p was 
pulled down from the cell extracts with GST-
C21RBD and blotted against 12CA5, an anti-HA 
mAb. (C) In vitro glucan synthase (GS) activity 
assayed with the membrane fraction of wild-type 
cells (YS64) transformed with pREP3X (empty 
plasmid), pREP3X-rgf2 (Rgf2-OP), pREP4X-rho1 
(Rho1-OP), or both pREP3X-rgf2 and pREP4X-
rho1 (Rgf2-OP and Rho1-OP). Extracts were 
prepared from cells grown in MM without 
thiamine at 32º for 18 hours. Specific activity is 
expressed as milliunits/mg protein. Values are 
means of at least three independent experiments 
with duplicate samples, and error bars represent 
standard deviations (SDs).  
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medium the ehs2-1 cells showed a lytic 
thermosensitive phenotype (TAJADURA et al. 2004). 
We first created a strain lacking rgf2+ with a TS 
mutation in rgf3+ (rgf2Δ, ehs2-1). This strain, PG105, 
was viable and phenotypically indistinguishable from 
the ehs2-1 mutant (Figure 5B). In addition, we 
constructed a strain deleted for rgf2+ with the rgf3+ 
gene under the control of the P81nmt promoter 
P81nmt-rgf3rgf2Δ (PG395) (MATERIALS AND 
METHODS). As expected for the rgf3+ shut-off, the 
cells died in the presence of thiamine (promoter off). 
However, their growth was rescued in the presence of 
sorbitol (Figure 5B). Finally, we searched for an 
interaction between Rgf1p and Rgf3p. To this end, we 
constructed a strain, P81nmt-rgf3rgf1Δ (PG94), in 
which the rgf3+ gene was under the control of the 
P81nmt promoter and the rgf1+ gene was deleted (see 
MATERIALS AND METHODS). As above, growth 
of the P81nmt-rgf3rgf1Δ strain in rich medium 
(promoter off) was dependent on the presence of 1.2 M 
sorbitol (Figure 5B).  
Our results indicate that Rgf1p and Rgf2p share an 
essential role as Rho1p activators, and they suggest 
that in the absence of Rgf1p, Rgf2p takes over the 
essential functions for Rho1p during vegetative 
growth. 
 
   Rgf2p behaves as a functional homologue of 
Rgf1p when expressed duri ng vegetative growth: 
We next examined whether the functions of Rgf1p and 
Rgf2p were interchangeable. Previous studies had 
shown that the rgf1+ deletion causes cell lysis, 
hypersensitivity to the antifungal drug Caspofungin 
(Csp), and defects in the establishment of bipolar 
growth (GARCÍA et al. 2006a). We overexpressed rgf2+ 
in an rgf1Δ background. Figure 6A (upper panels) 
shows that rgf2+ expressed from plasmids, containing 
the rgf2+ genomic promoter (pGR13) or the strongest 
nmt1 promoter (pGR70), fully rescued the lysis and the 
Csp hypersensitivity of rgf1Δ cells in medium 
containing thiamine. We had previously observed that 
the overexpression of rgf2+ (under the high-strength 
nmt1 promoter) was lethal by itself in a wild-type 
background; this is shown in Figure 6A (MM upper 
panel). To avoid this problem, we made use of the 
rgf2+ driven by the P81nmt promoter (low level, 
pGR72) and the P41Xnmt promoter (medium level, 
pGR71). Both constructs produced viable cells (in the 
absence of thiamine: promoter on), and 
complementation of the hypersensitivity to Csp was 
found even in the presence of thiamine (promoter off) 
(Figure 6A, lower panels). We therefore wondered 
whether rgf2+ would be able to rescue the monopolar-
to-bipolar switch defect in the rgf1Δ mutants. To 
address this, we transformed rgf2+ expressed from its 
own promoter (pGR13) or the empty plasmid (pAL) in 
the double mutant cdc10-129  rgf1Δ and synchronized 
cells in G1 by arrest at 37º. Strain cdc10-129  rgf1+ was 
used as a wild-type control of proper bipolar growth 
and it was also transformed with plasmid pGR13. The 
areas in which new cell wall deposition, and hence 
growth, was occurring were visualized using the 
fluorescent dye Calcofluor white (Cfw). Ninety 
minutes after being shifted to the permissive 
temperature of 25º, 47% of cdc10-129rgf1 Δ cells 
overexpressing rgf2+ were bipolar, whereas only 10% 
was observed in the cdc10-129  rgf1Δ cells bearing the 
empty plasmid (Figure 6B). Thus, mild overexpression 
of rgf2+ was able to suppress the bipolar growth defect 
of rgf1Δ mutants.  
Consistent with the hypothesis that Rgf1p and Rgf2p 
are able to substitute for each other during vegetative 
growth, we found that the expression of rgf1+ driven 
by the rgf2+ promoter on a multicopy plasmid partially 
complemented the sporulation defect of an rgf2Δ h90 
strain (PG9) (22% ascopore survival compared with 
the 1% of survival with the empty plasmid) (Figure 
   FIGURE 5.—Double disruption of Rgf1p and Rgf2p is essential 
for cell viability. (A) Depletion of Rgf1p in an rgf2Δ background 
leads to a lysis phenotype similar to depletion of Rho1p. Lethal 
phenotype of the P81 nmt-rgf1rgf2Δ (GRG33) and P41 nmt-rho1 
(PPG2.17) shut-off mutants. Cells grown at 28º in MM were 
supplemented with thiamine to repress the nmt promoter. For Rgf1p 
shut-off, Nomarsky micrographs were taken before and after the 
addition of thiamine (6 h and 9 h). For Rho1p shut-off, the 
micrographs were taken after 11 h in MM with thiamine. (B)  Strains 
nmt1-rgf1+ rgf2Δ (GRG33), nmt1-rgf3+ (VT88), nmt1-rgf3+rgf1Δ 
(PG94), ehs2-1 rgf2Δ (PG105), nmt1-rgf3+rgf2Δ (PG395), nmt1-
rho1+ (PPG2.17), nmt1-rgf1+ (PG115), rgf2Δ (GRG55) were 
streaked onto MM (w/o thiamine), YES and YES plus Sorbitol 1.2M 
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6C). This complementation was most likely dependent 
on the expression of rgf1+ during sporulation, since we 
failed to observe complementation when rgf1+ was 
driven by its own promoter (Figure 6C).  
 
 
DISCUSSION 
 
Guanine nucleotide exchange factors (GEFs) are 
directly responsible for the activation of Rho-family 
GTPases in response to diverse stimuli, and ultimately 
they regulate many cellular responses, such as 
proliferation, differentiation and movement (ROSSMAN 
et al. 2005a). In fission yeast there are seven proteins 
with a Rho-GEF domain: scd1+, gef1+, gef2+, gef3+, 
rgf1+, rgf2+ and rgf3+   (http://www.genedb.org/genedb/ 
pombe/ index.jsp) (IWAKI et al. 2003). Of these, scd1+ 
and gef1+ are Cdc42p-specific GEFs, and Rgf3p and 
Rgf1p have been described as GEFs for Rho1p, while 
gef2+ and gef3+ have not yet been assigned to any 
   FIGURE  6.—The Caspofungin–hypersensitive growth phenotype of rgf1Δ mutants is suppressed by overexpresion of rgf2+. (A) rgf1Δ (VT14) 
was transformed with pREP3X (empty vector), pREP3X-rgf2+ (pGR70), pAL-rgf2+ (pGR13), pREP81X-rgf2+ (pGR72), and pREP41X-rgf2+ 
(pGR71). Transformants were spotted onto MM, MM plus thiamine and MM plus thiamine and 1.5 μg/ml of Caspofungin plates as serial 
dilutions (8 x104 cells in the left row, and then 4x 104, 2 x 104, 2 x 103, 2 x 102 and 2x101 in each subsequent spot) and incubated at 28º for 3 days. 
(B) cdc10-129 rgf1 Δ (PG88) transformed with pAL (control) and pAL-rgf2+, and cdc10-129  (MS168) transformed with plasmid pAL-rgf2+ were 
grown at 25º to OD600 0.15, shifted to 37º for 4 h, and then grown at 25º for 150 min. Aliquots of cells were harvested before and every 30 min 
after the shift to 25º. The graphic (on the right) represents the percentages of bipolar cells at each time-point. Micrographs show Cfw-stained 
cdc10-129 rgf1 Δ plus empty plasmid (pAL) and pAL-rgf2+ at 90 min after the shift to 25º. (C) Rgf1p partially complemented the sporulation 
defect seen in the rgf2Δ mutants. The homothallic haploid strain PG9 (h90 rgf2Δ) transformed with different plasmids, empty (pAL), pAL-rgf2+, 
pALrgf1+ and pAL-Prgf2-rgf1+, and the YS260 (h90) strain carrying the empty plasmid pAL were incubated on MEA plates. After 4 days, spores 
were resuspended in 1 ml of water to the same OD600 20, treated with helicase (0.2%) for 12 h, and diluted in water. The same dilutions of each 
strain were spread onto YES plates and incubated for 3 days. In the experiment, the spore survival of each strain was the average of three 
platings. The experiment was repeated at least three times. 
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known GTPase (GARCÍA et al. 2006b). Considering 
that there are four additional Rho GTPases and at least 
two biochemically uncharacterized GEFs, it will take 
considerable effort in the future to sort out the 
biochemical specificities, cellular roles, and regulation 
of each Rho-GEF. Our data provide new evidence to 
show that Rgf2p acts as an exchange factor for Rho1p 
and that this activity is necessary for the development 
of the ascospore wall.  
 
    Deletion of rgf2 +  blocks spore-wall development : 
Sexual reproduction proceeds through mating and 
meiosis, and it culminates with the formation of 
ascospores, which in itself is a process of 
differentiation into a specialized cell form. Spores are 
metabolically inert and tolerant to severe 
environmental stresses. One of the most intriguing 
aspects of this process is the de novo synthesis of a 
plasma membrane and cell wall. During mitotic cell 
division, the plasma membrane of the mother cell is 
inherited by the two daughter cells and cell wall 
synthesis therefore extends from an old cell-wall 
precursor. By contrast, sporulation requires the de novo 
establishment of wall-producing plasma membranes 
within the mother cell cytoplasm, and the cell wall 
materials accumulate -without precursor- in the lumen 
of these membranes (EGEL 2004; SHIMODA and 
NAKAMURA 2004). 
Here we show that Rgf2p is required for proper 
spore wall formation and that it is involved in spore 
maturation.  First, no mature or refractile spores were 
formed in rgf2Δ homozygous asci after incubation in 
sporulation medium for several days. The appearance 
of the mutant spores was always very similar, 
suggesting they arrest at a particular stage of 
development. This phenotype was almost identical to 
that seen in spores lacking bgs2+, the sporulation-
specific GS catalytic subunit, and this observation 
suggests that both proteins function in the same 
process. As described previously for bgs2Δ asci, rgf2Δ 
asci were able to complete meiosis I and meiosis II, 
and each of the spores was bounded by a forespore 
membrane, thus indicating that early events in spore 
morphogenesis were normal. Moreover, the 
localization of the α–glucan synthases Mok12-GFPp 
and Mok13-GFPp to the four nuclear envelopes was 
similar in rgf2Δ and wild-type cells (not shown). 
Second, rgf2Δ zygotes were not able to release 
ascospores spontaneously, and only 18% of the 
zygotes gave rise to colonies as compared to the 83% 
survival of the wild-type zygotes. When the ascospores 
were released from the ascal sac by mild treatment 
with helicase (0.2%), only 1% of the rgf2Δ spores 
survived, indicating that they were unable to assemble 
a functional spore wall. These results suggest that the 
spore wall is not only the cellular structure responsible 
for the extreme resistance to stress conditions but that 
proper assembly of the spore wall is itself important 
for spore survival. Third, rgf2+ expression was induced 
15-fold (MATA et al. 2002) after the second meiotic 
division (at about 5h) and the transcript was 
maintained until mature spores appeared between 10-
12 h. Rgf2p tagged with GFP localized to structures 
around each of the four nuclear lobes and appeared 
when the spore outline was visible under phase 
contrast microscopy. 
The coincidence of the expression of rgf2+ with the 
synthesis of the spore wall, the fact that Rgf2p has 
been proposed as a GEF for Rho1p based on two-
hybrid analysis (MUTOH et al. 2005), together with the 
phenotypes described above all suggest that the rgf2+ 
gene is directly involved in β-1,3-glucan synthesis. We 
observed that mutation of the rgf2+ gene resulted in a 
2.5 reduction in β–GS activity that peaked at 6 hours in 
synchronous sporulation cultures. Moreover, Rgf2p 
overproduction in vegetative cells raised the amount of 
Rho1p bound to GTP and elicited a phenotype similar 
to that of the constitutively active allele Rho1G15V  in 
wild-type S. pombe cells, providing confirmatory 
results for the hypothesis that Rgf2p indeed activates 
β-glucan during sporulation. It is likely that β-glucan 
synthesis would occur within the prospore membrane 
before the deposition of other layers on the spore 
surface, such as α-glucans or chitin-like material. In 
agreement with this, we observed that the rgf2Δ 
phenotype was epistatic to the mok12Δ (the α-GS 
sporulation specific) or the chs1Δ (the chitin-synthase 
sporulation-specific) phenotype in rgf2Δmok12Δ or 
rgf2Δchs1Δ double mutants, respectively. Taken 
together, all these results indicate that Rgf2p functions 
in sporulation, when the assembly and maturation of 
the spore wall occurs. 
 
   Role of rgf2 +  in vegetative growth: Rgf1p and 
Rgf2p are the closest related members among the GEF 
family in S. pombe. Both proteins share the same 
domain structure and 63% identity within the DH 
domain (Dbl Homology domain). This is very unusual, 
since DH domains, also called “Rho GEF domains”, 
generally share little sequence identity with each other. 
In S. pombe, the percent identity between the deduced 
amino acid sequence of the DH domain that belongs to 
GEFs with the same substrate specificity was less than 
20% between Rgf1p and Rgf3p, and Scd1p and Gef1p, 
respectively. Despite this, crystallographic and NMR 
analyses of several DH domains have revealed a highly 
related three-dimensional structure (SCHMIDT and 
HALL 2002). 
Previous studies have shown that Rho1p depletion 
causes cell death concomitant with a decrease in β-1,3-
GS activity, and that the lysis in these conditions 
cannot be prevented by an osmotic stabilizer 
(ARELLANO et al. 1997). Among the Rho1p GEFs 
described to date, only Rgf3p is essential for cell 
survival.  However, the Rgf3p shut-off was rescued by 
the presence of sorbitol, suggesting that in the presence 
of an osmotic support Rho1p may be activated by other 
GEFs (TAJADURA et al. 2004). 
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Mutoh et al. reported that double deletion of rgf1+ 
and rgf2+ is synthetically lethal and our work has 
shown that the lysis-and-death-phenotype seen in 
Rgf1p- and Rgf2p-depleted vegetative cells is not 
prevented by sorbitol. These results strongly suggest 
that both proteins have an essentially overlapping 
function, probably as Rho1p activators. This genetic 
interaction is specific to Rgf1p and Rgf2p, since we 
observed that other mutant combinations were not 
essential for survival. Cells depleted for Rgf1p and 
Rgf3p, or Rgf3p and Rgf2p at the same time were able 
to survive in the presence of sorbitol. Moreover, Rgf1p 
and Rgf3p were not functionally interchangeable. 
Moderate expression of rgf1+ did not suppress lysis at 
37º of the rgf3 mutant (ehs2-1), and the rgf3+ gene 
driven either by its own promoter or by the nmt1 
promoter was not able to suppress the hypersensitivity 
to the presence of Caspofungin or the lysis of rgf1Δ 
cells (TAJADURA et al. 2004). 
We also found that Rgf2p appears to be fully 
competent to substitute for Rgf1p, when expressed at a 
high enough level. Rgf2p fully suppressed the 
Caspofungin-hypersensitive phenotype and, to a lesser 
extent, bipolar growth activation in rgf1Δ mutants. On 
the other hand, the sporulation defect of rgf2Δ was not 
complemented by extra copies of rgf1+. Rgf1p is 
probably poorly expressed during sporulation, but the 
sporulation defect seen in the rgf2Δ mutants was 
partially suppressed when rgf1+ was driven by the 
rgf2+ promoter. These results imply that, if expressed, 
Rgf1p can functionally replace Rgf2p in the synthesis 
of spore wall glucan. Interestingly, while bgs2Δ 
mutants (affected in the β–GS catalytic subunit) were 
completely defective in spore germination (MARTIN et 
al. 2000), 5% of rgf2Δ spores germinated (w/o helicase 
treatment), suggesting that the redundancy among 
Rgf1p and Rgf2p could account for Rho1p activation 
during sporulation. Together, these results further 
suggest that Rgf1p and Rgf2p may be alternative GEFs 
with overlapping functions. 
Biochemical data also support this view. It has been 
shown that Rgf1p acts as a Rho1p GEF; both proteins 
coimmunoprecipitate and overexpression of rgf1+ 
increases the GTP-bound Rho1p and causes a large 
increase in β-1,3-GS activity (GARCÍA et al. 2006a). 
We observed that the overexpression of Rgf2p in 
vegetative cells behaved in the same way, increasing 
the level of GTP-Rho1p in vivo and β-1,3-GS activity, 
which was 3-fold higher than that of the wild-type 
cells. Moreover, the overexpression of rgf2+ was lethal 
and produced long, multiseptated and highly refringent 
cells, with a phenotype similar to that of the 
constitutively active allele Rho1G15V or the 
overexpression of rgf1+.  
 
   Differential expression of rgf1 +  and rgf2 + : Since 
Rgf1p and Rgf2p seem to activate the synthesis of β–
glucan at different points of the yeast cycle, it is 
interesting to note that their regulation often appears to 
follow opposite trends: when the level of one is high, 
that of the other is low. Data from our lab and others 
suggest that both genes are differentially expressed 
(GARCÍA et al. 2006a; MATA et al. 2002; MUTOH et al. 
2005). For Rgf1p, the mRNA level is constant along 
the cell cycle (our unpublished results), but protein 
localization has been shown to be regulated in a cell-
cycle-dependent manner, moving from the old end to 
the new end and then back to the septum during 
cytokinesis (GARCÍA et al. 2006a). For Rgf2p, the rgf2+ 
mRNA was highly induced in sporulation (after 
meiosis II), while it showed a low profile in vegetative 
cells. Accordingly, the Rgf2 protein tagged with GFP 
was hardly seen in vegetative wild-type cells. Only the 
mild overexpression of Rgf2p in a multicopy plasmid 
with its own promoter revealed weak fluorescence in 
the areas of growth and across the whole cell surface.  
The differential expression observed may also 
account for the fact that the redundancy of Rgf1p and 
Rgf2p appears to be partial in both directions. 
Disruption of rgf1+ results in a slow growth pattern at 
28º, and the viability of the rgf1Δ cells was 55% as 
compared to that of that of the wild-type isogenic 
strain (GARCÍA et al. 2006a). Thus, rgf2+ only partially 
compensates for the lack of rgf1+ during vegetative 
growth. In the absence of rgf2+, only 5% of the spores 
were able to germinate under laboratory conditions. In 
this sense, rgf1+ only partially compensated for the 
absence of rgf2+ in sporulation. 
Many questions, however, still remain unanswered. 
Are Rgf1p or Rgf2p involved in the synthesis of the 
same type of β–glucan or in that of a slightly different 
type of β–glucan? Are GEFs only important for the 
temporal or spatial activation of Rho1p, acting 
independently of the catalytic subunits? Rgf2p is 
specifically involved in β–glucan biosynthesis during 
sporulation, probably doing its job in the local 
activation of Rho1p/Bgs2p. If Rgf2p function during 
vegetative growth is exclusively related to Rho1p/
Bgs2p activation, then the double mutation in rgf1+ 
and bgs2+ should be synthetically lethal. We observed 
that rgf1Δbgs2Δ mutant cells behaved like the rgf1Δ 
mutants as regards sensitivity to Caspofungin and 
lysis. However, they were thermosensitive for growth 
while none of the individual mutants were. The results 
thus suggest that Rgf2p might be activating Rho1p, but 
that it does not function exclusively through Bgs2p to 
cope with stress situations during polarized growth. 
In conclusion, the differences in the phenotypes 
caused by the deletion of rgf1+ and rgf2+ and the 
differences in the regulation of these genes suggest that 
these two GEFs have different functions within the 
cell. 
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1 . Rgf1p  
 
1 .1 . Papel de Rgf1p como activador de 
Rho1p 
  Quizás la conclu sión más imp o r tan te de este 
trab aj o ha sido atribu ir a Rgf1 p el pap el de regu lad or 
positivo o GEF de Rho1 p. Esta GTPasa interv ien e en 
numeroso s procesos esen cial e s para la célula, como la 
regu la c ión de la sínte s is de la pared celu la r , la 
polimerización del citoesqueleto de actina y el 
mante n imien to de la integ r ida d celu la r. Sin emba r g o , 
con la excep c ió n de su papel como activ ado r de la β -
g lu c an sinta s a, su contr ibu ción específica en procesos 
tales como la polarid ad o la integ r id ad celu lar es 
prác tic a me n te desco no c id a. Este desco no ci mien to se 
debe en parte a que Rho1p es esen cial para la 
viabilidad celular y a que carecemos de mutantes 
cond icion a les para estud ia r los feno tipo s deriv ad o s de 
su falta de funció n . El estud io de la prote ína Rgf1p y 
sobre todo la caracterización de los fenotipos de los 
mutan tes rgf1Δ, nos ha permit id o aven tu rar posib le s 
funcion e s de Rho1p , descono c id a s hasta ahor a , como 
la particip ació n en la tran sición del crecimien to 
mono po la r a bipola r o la regu la c ió n de la casca d a de 
integ r id ad. 
 
 La mayo r ía de los defecto s observ ad os duran te 
la repr e s ió n o sobr e ex pr e s ión del gen rgf1 +  pued en ser 
explic a do s, de mane r a más o meno s evid en te, por su 
acción como regulad o r de Rho1p.  
Uno de los fen o tipo s más característico s de la 
cepa rgf1Δ es la presenc i a de numeros a s célula s lisadas 
en cultivo s líqu ido s. Nuestros dato s ind ican que esta 
lisis se produ ce de man era mayo ritaria por la deb ilid ad 
en la pare d de uno de los polo s de la célu la . En prime r 
lugar, las células lisada s son largas y no forman 
parej as, como suced e en los mutan tes en los que la lisis 
se produ c e por el septo. Otro dato, quiz á s más 
conclu yente, es que cuando teñimo s estas células con 
un colo ran te vital (azú l de meti len o ) vemo s que éste 
penetr a en las células lisadas sólo por uno de sus polos 
(dato s no mostrado s). Pensamo s que esta deb ilid ad en 
la pared podr ía ser cons ecuen c ia de la ausen c ia de 
Rho1p activo en esas zonas. Hasta hace poco el único 
GEF de Rho1p cono cido era Rgf3 p, que se localiza 
exclus iv a me n t e en el septo y es esen cia l para el 
proceso de cito quines is (Morrell-Falv ey et al., 2005; 
Tajad ur a et al., 2004 ) . Sin emba r g o , Rgf1 p se localiza 
ta mb ién en los polos y es el mej o r candid ato para 
actua r como GEF de Rho1 p en esos lugar e s . 
La lisis celular produ c id a por la ausen c ia de 
Rgf1 p se ve agrav ad a en el momen to en el que deber ía 
producirse la transición del crecimiento monopolar a 
bipo lar. Posib le men te esto es debido a que exista una 
cierta tens ión en esa zona de expan s ió n que aumen ta  
al aumen tar la lon g itud de la célu la. La lisis se 
prod u cir á por el lug ar más déb il, que es el polo en el 
que no se está ensamb lando correctamente ni la actina, 
ni la pared celu la r , en ausen c ia de Rgf1p . Otra 
explicac i ó n podría ser que aunque en el segundo polo 
no haya apena s sínte s is de pared en célula s rgf1Δ, 
como se pued e obser v ar med ian te tin ción con 
Calco f lúo r, sí podría estar dándo se una cierta 
elongac i ó n de la memb ran a en esa zona, que a su vez 
ejercería una cierta tensión,  sin la suficiente protección 
de la pared celu la r .  
 
Por otro lado, las célu la s rgf1Δ son 
extremada mente sensibles a Caspofungina (incap aces 
de crecer a una concentración de 0,03 μg/ml, mientras 
que la estir p e silv e s tr e pued e toler a r hasta 7,5 μg /ml en 
medio sólido ) . Esto podr ía ser cons e cu en c ia de la suma 
de dos defec tos . Por un lado, su incap a c id ad de activ a r 
la cascad a de integ r id ad en respu esta a dañ os en la 
pared y por otro , la dismin u c ión de la cantid a d de 
Rho1p activo y el efecto que esta dismin u ció n pod r ía 
tener sobre la activac i ó n del componen t e catalít i c o de 
la β GS. En primer lugar, hay que tener en cuenta que 
la Caspofungina es un agente capaz de estimular la ruta 
de señalización de Pmk1p, y que lo hace en gran 
medid a a trav és de Rgf1 p. Por lo tanto, si las célula s 
rgf1Δ no son capaces de activar la ruta de integrid a d en 
respu e s ta a este daño (con el fin de contr a rr e s tar lo) , 
esto las haría más sensib les a la droga que las células 
de la cepa silvestre. Esta explicación está resp aldada 
por el hecho de que los demás mutan te s en genes de 
esta ruta son tamb ién sensib les a esta drog a. Pero 
entonce s ¿por qué la cepa rgf1Δ es más sensib le que 
las otras? La respu es ta posib lemen te es que la 
Cas p o f u n g i n a es un an t i f ú n g i c o qu e in h i b e 
específicamente la actividad β( 1, 3) -g lu cá n sinta s a . 
Aunqu e no se ha demo s tr a do exper imen ta lmen te en S. 
pombe, es lógico pensar que las células rgf1Δ teng an 
una meno r cantid a d de β -g lu c an o debido a la 
dismin u c ió n de la cantid ad de Rho1p activ o. En este 
contex to , la adició n de Casp ofu ng in a al medio 
empe o r ar ía la situ a c ió n, al inhib ir la parte de β G S que 
tod av ía podría ser activ ad a. Esto exp licaría por qué las 
células rgf1Δ son mucho más vuln erab les a esta droga 
que otro s mutan te s de la ruta de integr id ad , en los que 
la sín tesis del β -glucano no está afectada. 
En conc lu s ió n, rgf1 +  es necesar i o para manten e r 
la integrid ad de la célula especialmente durante la fase 
de elongació n (crecimie n t o por los polos) que es un  
mo men to crítico del ciclo de vid a de S. pombe . 
 
1.2. Rgf1p en el establecimiento de NETO 
 En S. pombe la GTPasa Rho1 p se ha 
relacio n ado con la regu lació n del cito esq u eleto de 
actin a , ya que una dismin u c ió n de Rho1p prov o c a el 
desen s a mb la j e de los parch es de actin a. Sin embar go , 
no se conocen los efectores a trav és de los cuales 
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realiza esta acción (Arellano et al., 1999a; Arellano et 
al., 199 7) . 
 Nos pregun tamo s si Rgf1 p, como activ ad o r de 
Rho1p , tamb ién podr ía ejer cer algun a fun ció n en este 
proceso . Curios a me n t e , observ a mo s que las células 
rgf1Δ, ademá s de lisa r s e por uno de los polo s , 
mostraban defectos en la reorganización de la actina 
necesaria para la transición  del crecimie n t o monopo l ar 
a bipo lar. Por lo tanto otra de las conc lu s io n e s 
prin cipales de este trabaj o es que Rgf1p es 
fundamental para que se produzca la transición 
conocida como NETO ( New End Take Off) , pero ¿Cu á l 
es su función en este pro ceso? . Por desgraci a nuestros 
resu ltado s no nos pro por cion an una resp u esta 
conc lu yen te de momen to , pero sí cier to s dato s 
interesan tes. 
  
 En primer lugar , pod emo s decir que Rgf1p no 
funciona como un marcador de polar idad necesar i o 
para defin ir los polo s de creci mien to . Cuand o se tratan 
células del mutante cdc10-129 b lo qu ea d a s en G1 
duran te uno s minu to s con Latr un c u lin a A, se lib e r an 
monóme r o s de actin a . Una vez elimin a d a la droga se 
produce una repolimerización de la actina en el 
segundo polo y las células son capaces de crecer de 
forma bipo la r, saltán do s e así el bloq ueo en G1 (Rup es 
et al., 1999). Cuando realiza mos este experimento en 
un mutan te rgf1Δ y en una cepa silvestr e, observamos 
que la activ ació n del segu ndo polo se pro du ce 
indep e nd ien teme n te de la pres en c ia o ausen c ia de 
Rgf1 p. Esto nos está indic a n do que Rgf1p no es 
estricta mente necesaria para el reconocimiento del  
polo nuevo de creci m i e n t o , ni  para la polimerización 
de la actina en ese polo. Por tanto, parece que Rgf1p es 
necesaria funda mental mente en el desencadenamiento 
de la señal que da lugar al crecimie n to bipo lar . Una 
pregu n ta obvia que surg e en este mo men to es ¿en qué 
consiste esa señal? . Por el momento no se conoce cuál 
es su naturaleza, aunqu e en el pro ceso podría interv en ir 
la despolimerización de la actina, ya que ésa es la 
forma por la que cons e gu imo s de maner a “artif icial” 
evitar el bloqueo en G1 y que ten g a lug ar NETO en 
células cdc10-129  (Rup es et al., 199 9) .  
En experimen t o s de localiz a c i ó n hemo s 
obse rv a do que los marc a d o re s de polar id ad Tea1p y 
Pom1p se localiz a n de forma normal en la cepa rgf1Δ, 
es decir en ambos polo s. Si n emba r g o, otras prote ín as 
impo r t a n t e s para NETO , como la formi n a For3 p, 
algun a s de las prote ín as del comp lej o Arp2/3 (Wsp1 p 
y ArcC5p ), así como la subun id ad catalítica de la β GS, 
Bgs4p, sólo aparecen en un polo cuan do no hay Rgf1p 
en la célu la . Las prote ín a s del comp lej o Arp2 /3 son 
necesa r i a s para la polimer i z a c i ó n de los parche s de 
actina (rev isado en (Moseley  and Good e, 200 6) ), y la β
GS es esen cial en la constr u cc ió n de la pared celu la r . 
La ausen c ia de ambo s tip os de prote ín as en el polo 
nuevo podría explica r el de fecto en la polimerización 
de la actin a en ese polo , así como la frag ilid ad de la 
pared celula r . En cuanto a los cables de actina, si bien 
no podemo s decir que en el mutan te rgf1Δ hayan 
desap a r e c ido , sí que parec en más finos y escas o s en las 
zonas en las que los parch e s están ausen te s , 
prob a b lemen te como conse cu e n c ia de la ausen c ia de  
For3p, la formina encargada  de la polimerización de 
estos cables (Feierbach and Chang, 2001). 
El hecho de que siste má tic a me n te toda s las 
prote ín a s (For3 p, Myo52p , Wsp1p , ArpC5 p y Bgs4 p) 
cuya localización hemo s analizado en el mutante rgf1Δ 
presen ten una distr ib u c ión mono po lar, con la 
exce p c ió n de los marc a d or es de polar id ad Tea1p y 
Pom1p, sugiere que Rgf1p podría estar actuando en los 
primero s estadio s de esta transic i ó n del crecimi e n t o . 
 
Tamb ién hemo s obse rv ad o que la func ión de 
Rgf1p durante el estable c i miento del crecimiento 
bipo lar depe nde de su activ ida d GEF.  
Hemo s obten id o un mutan te puntu a l en el 
domin io DH (do min io catalítico ) , que es incap az de 
activar a Rho1p y que se comporta como el mutante 
nulo ( rgf1Δ) en cuan to a la activ ació n del crecimien to 
bipo lar . Es muy prob ab le pues que Rgf1p ejer za su 
función en NETO activ a ndo /localizando a alguna de 
las GTPasas de la familia Rho. La mej o r can d id ata es 
desd e luego Rho1p , ya que es la dian a conoc id a de 
Rgf1p y se sabe que interviene en la organización del 
citoesqueleto de actina (Are llano et al., 1999a). Sin 
emba r go , no pode mo s desca r tar comp let a men te la 
posib ilid ad de que Rgf1 p esté actu and o sob r e algu n a 
de las otra s GTPa s a s de la famil ia Rho, como Rho3p o 
Cdc42p . Esta últi ma está estrec h a me n t e relaci o n ad a 
con la polime r ización del citoesqueleto de actina a 
travé s de sus regulad or e s y efecto r es (Gef 1p y Pak2p /
Or b 2 p ) y es necesari a para activar y localizar a For3p, 
encarg ad a de la formaci ó n de los cables de actina y 
fundamental para el establecimiento del crecimiento 
bipo lar (Coll et al., 2003 ; Feier b a ch and Chan g, 2001 ; 
Kim et al., 2003). Un mutant e puntual en esta GTPasa, 
cdc42-1625, presenta unos cables de actina muy cortos 
y finos (Mar tin et al., 2007 ). Noso tr o s hemo s 
obse rv a do que el aumen to en la expr e s ió n de rgf1 +  
prov o c a una mayo r cantid ad de Cdc42 p activ o en la 
célu la (dato s no mostr ado s) , aunqu e aún no pod emo s 
decir si esta relac ió n es directa o una consecu e n c ia de 
la activ a c ió n de Rho1p , por ejemp lo . Tamb ién hemo s 
visto que el doble mutan te rgf1Δgef1Δ es sintético letal 
a 37ºC (dato s no mostr ado s).  
Sorprenden temente, ni el aumento en la 
can tid ad de Rho1p ni el de Cdc4 2p , produ ce un 
increme n t o del número de células con crecimi e n t o 
bipolar en la cepa rgf1Δ (datos no mostr a d os ) . Esto 
podr ía debe r s e a  que se neces ita que Rho1 p o Cdc4 2p 
estén activo s en un mo men to o lugar determin a d o s, y 
el simp le aumento en la cantidad de estas proteínas no 
es suficiente para suprimir el defecto.   
Otra GTPasa can d id ata podr ía ser Rho3 p, ya 
que interacciona con la formina For3p y modula las 
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funcion e s del exocisto (Nak a no et al., 2002 ). Sin 
embargo, no creemos que sea el caso, ya que un 
aumen to de la cantid a d de Rgf1 p en la célu la , no 
parece influir en la activación de esta GTPasa (datos 
no mostr a d os ) . 
 
Por otro lado, nues tro s dato s sugie r en que 
Rgf1p podría realizar su acc ión en el estable c i mie n t o 
de NETO , antes de localizarse en el segundo polo. La 
proteína Rgf1p siempre se localiza en los polo s que 
están creciendo activamente, de forma que en un 
mutan te cdc10-129  bloque ado en G1 sólo apare c e en el 
polo que esta crec ie ndo y en un mutan te cdc25-22 
bloqu e ado en G2, se localiz a en los dos. La prote ín a 
Rgf1PTTR Δp  ( mu tad a en el domin io catalítico y 
marcada con GFP) no es capaz de promove r el 
crecim i e n t o bipolar en un mutant e rgf1Δ y además se 
loca liz a de mane r a monop o lar (en el polo de 
crecimiento). Curiosamente, en la cep a silv estre la 
prote ín a mutad a Rgf1 P T T R Δp se localiza en ambos 
polos . Esto sugie r e que su ausen c ia en el segund o polo 
no se debe a un defe c to en el ancla j e de la prote ín a 
mutad a , sino que es una cons e cu e n c ia del defe c to de 
activación de NETO . Solame n te cuan do está la cop ia 
silvestre de Rgf1p, ésta sí es capaz de activar el 
crecimiento y de esta manera arrastrar a la proteína 
mutad a al polo nuev o. Fin almen te esto s dato s podrían 
indicar que Rgf1p activaría NETO desd e el polo 
antig uo , esta activ id ad pro mo v e ría el crecimiento en el 
polo nuev o y como cons e cuen c ia de esto , ella misma 
se localizaría en este segu ndo polo, activ an do la 
bios ín tes is de la pare d. 
La hipóte s is con la que trab a j a mo s , que aún 
necesita ser probada, es que Rgf1p podría activar a una 
cierta GTPasa, cuya acción daría lugar a una señal que 
a su vez desen c ad e n ar ía la concen tr a c ió n de las 
prote ín a s neces a r ia s para NETO en el segun do polo y 
la polimerización de la actin a en éste. A continuación 
Rgf1p tamb ién apar ecería en ese polo, hacia donde se 
desp laza toda la maquinaria biosin t é t i c a , de una forma 
dep end ien te de la actin a. Una vez allí, podría realizar 
su func ió n como GEF de Rho1p y activ ar la sínte s is de 
la pared celula r , necesar i a en último términ o para el 
crecimiento del polo y tamb ién podría actuar activando 
la cascada de integrid ad en respuest a a ciertos tipos de 
estrés. 
 
1 .3 . Rgf1p en la ruta de integridad celular 
 Otra de las conclusiones de esta me mo ria es el 
pape l de Rgf1p como nuev o miemb r o de la casc ad a de 
MAPKs de Pmk1p . En S. cerevisiae se sabe desd e hace 
años que Rom2 p es un GEF de Rho1 p que señ aliza 
hacia la cascada de integr idad lid erad a por la MAPK 
Slt2p (Bickle et al., 1998). En S. pombe lo s prime r o s 
trab aj o s en los que se describ ieron los tres 
comp o n en te s de la casc ad a Mkh1p , Pek1 p /Shk 1p y 
Pmk1p /S p m1 p (Loew ith et al., 2000 ; Seng a r et al., 
1997 ; Sugiu ra et al., 1999 ; Toda et al., 1996 ; 
Zaitsev sk aya-Car ter and Coop er , 199 7) no hallar on 
una relación directa entre Pck2p (homólogo en S. 
pombe a Pkc1p de S. cerevisiae) y la ruta de MAPKs. 
Inclu so en algu no s trab ajo s se alud e a un posib le pap el 
antagónico entre Pck2p y la cascada de integridad 
(Toda et al., 1996; Zaitsevsk a y a - C a r t e r and Cooper, 
1997). Sólo recien temen te , a partir del trab ajo del 
grup o de Sug iur a y Kuno en Jap ón (Ma et al., 2006 ) , se 
i d e n t i f i c ó e l g e n cpp1 +  q u e c o d i f i c a u n a 
farnesiltransferasa cuya fu nción es favorecer la 
localiza c i ó n en la memb rana de la GTPasa Rho2p. El 
mutan te cpp1 fue identi f i c ado por mostra r el feno ti p o 
vic (viable en presen cia de FK506 y MgCl 2 ) que 
pres en tan todos los mutan te s nulo s de los comp o n e n tes 
de la cascad a de integ r id a d, inclu ido s los mutan te s 
pck2Δ y rho2Δ. 
 
 La relación entr e Pck2p y la cascada y el hecho 
de que Pck2p sea un efecto r de Rho1p y un supr eso r de 
la hip ersen sib ilid ad a Caspo fun g in a del mutan te rgf1Δ, 
nos animó a seguir por esa vía y descu br ir la rela c ió n 
de Rgf1p y la cascada de integrid ad. Varias líneas de 
eviden ci a s indican que Rgf1p particip a en la 
regulaci ó n de la cascada de integrid a d en S. pombe, 
pero sólo comentaremos algunas de ellas. La cepa rgf1
Δ presen ta una serie de fenotipo s comu n es a los 
mutan tes nulos de las quinasas de esta ruta. Todo s 
ello s son sensib les al estrés osmó tico y al estrés 
prod u c id o por daño s en la pared celu lar , pero el 
feno tipo más característico y distin tiv o de los 
miemb r o s de la casc ad a de integ r id ad es el feno tipo vic 
( viable in the presence of immunosuppressant and 
choride ion ) que tamb ién presentan las células rgf1Δ. 
Además, la fosforilació n y por tan to activ ació n de la 
MAPK de esta cascada (Pmk1p) , en respues t a a estrés 
osmó tico o daño en la pare d celu la r , depe nde de Rgf1 p 
y concr e tamen t e de su activ ida d GEF.  
 Otro dato importante es la relación entre la 
cascada de integridad y la GTPasa Rho1p. En S. 
cerevisiae, Rho 1p es el prin cip al activ ad or de la ruta de 
integrid a d , mientras que en S. pombe no se sabe nada 
al resp e c to . Nues tro s dato s indic an que Rgf1p podr ía 
estar activan do la ruta a trav és de su GTPasa diana, 
Rho1p . Hemo s observ a do que tanto niveles bajo s , 
como nive les alto s de Rho1p , prod u c en su efecto en la 
señalización de la cascada, por ejemplo, un mutante de 
Rgf1 p en el domin io Rho- GEF , que pres en ta nive les 
muy baj o s de Rho1p activ o, es incapaz de fosf ori l a r a 
la MAPK Pmk1p en respues t a a estrés osmó ti c o . Por 
otro lad o, un aumen to de los niv eles de Rho1p 
prod u c id o, tanto por la sobr e ex pr e s ión de rho1 + , como 
por la sobr e e xp r e s ió n de cualq u ie r a de sus activ a d or es 
(Rgf 1p , Rgf2p o Rgf3p ) prov o c a la activ a c ió n de 
Pmk1 p de una forma depe nd ien te de Pck2p y Mkh1 p.  
 
 Rgf1p es el único GEF de Rho1p cono c ido que 
particip a en la activaci ó n de la cascada de integrid a d 
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en S. pombe; ni las células rgf2Δ, ni las del mutan te 
ehs2-1 (afectad o en el gen rgf3 + ), muestran los 
feno tipo s carac te r ís tico s de los mutan te s en genes de 
esta ruta, ni presentan defectos a la hora de activar a 
Pmk1p en respu es ta a una gran varied a d de estr e s es. 
Este resu ltado demu estra la esp ecificid ad de Rgf1p , y 
sugier e que un GEF deter min a d o y no otro , es capa z de 
activar específica mente alguna de las funciones de 
Rho1p y no otras. De esta forma, los GEFs podr ían 
estar regu lando en el espa cio o en el tiemp o , o en 
ambo s a la vez, a las GTPa s as y deter min a nd o de esta 
maner a que actúe n sobr e unos efector e s u otro s .  
 
 Además , Rgf1p actúa de  forma específica sobre 
la ruta de MAPKs de Pmk1p y no parece tener ninguna 
influ en c ia en la activ a c ió n de otra ruta de MAPK s 
activada por estrés co no cida como SAPK ( Stress 
Activated Protein Kinase ), cuya MAPK es Spc1p y que 
ta mb ién respon d e a estr é s osmó tico (Shio z a k i and 
Russell, 1995).  
2. Rgf2p  
 
 Un cap ítu lo de esta me mo ria se ha destin ado al 
estu d io del gen rgf2 +  en S. pombe. Hemo s demo str ad o 
que la proteín a codific a d a por este gen, es esencial 
duran te el proc e s o de forma c ió n de la pare d de la 
asco sp ora. Rgf2 p particip a en la sín tesis del β -g lu can o 
durante la esporulación y probablemente lo hace a 
trav és de su cap acid ad para activ ar a Rho1p . En este 
sen tido sab emo s que la activ id ad β GS medid a a lo 
largo del proce s o de espo ru la c ió n es mucho meno r en 
las ascas del mutante rgf2Δ que en la cepa silvestre, y 
que los defecto s observ a d o s en las ascospo r a s rgf2Δ 
son muy similares a los de las asco sporas del mutante 
bgs2Δ, que carecen de la β GS de espo ru lación .  
 En ausen c ia de rgf2 + , las esporas no son 
capaces de sintetiz a r una pared adecuada y pier den la 
integ r id a d, inclu s o en cond ic io n e s favor a ble s para la 
célula. Esto s resultados sugieren que la pared de la 
espo ra no sólo es la estructu ra respo n sab le de la 
resiste n c ia extr ema a las condic ion e s de estr és de las 
esporas, sino que tamb ién es esencial para su 
superviven cia. 
  
 Además, la mayoría de las ascas rgf2Δ no son 
capaces de romp er su envuelta para liber ar las esporas 
al medio . La funció n de Rgf2 p en este proce s o no está 
clara, es posible que Rgf2p esté actuando en la 
degrad ación de esta envuelta. Sin embargo, es mucho 
más prob ab le que la célula tenga algún tipo de 
mecani s mo de contro l , por el  cual bloquee o retrase la 
rotu r a de la envue lta del asca, hasta que no detec te que 
la madur a c ión de las espor a s se ha comp letad o 
correctamente (Liu et al., 20 00 ; Martín et al., 200 0) . 
 
 Hemo s visto la rela c ió n de Rgf2p con la 
biosín tes is de β -glucano en esporulación, pero además 
existen otro s dato s que sug i eren que Rgf2p es un GEF 
de Rho1p . Por un lado, un ensa yo de dos híbr ido s 
realiz a d o por Mutoh y colabo r ado r e s en 2005 (Mutoh 
et al., 2005) mostr ó una in teracción entre el dominio 
DH de Rgf2p y el alelo rho1T20N,  que da lugar a una 
pro teín a Rho 1p con stitu tiv amen te unid a a GDP; como 
corr e sp ond e r ía para un facto r GEF. En segun do lugar , 
hemo s demo s tr a do que el aumen to en los nive les de 
Rgf2 p tiene como conse c u en c ia una subid a de los 
nive les de Rho1 -G T P, al menos duran te el crecimie n to 
vege tativo , y que esto depen d e de la activ id ad de su 
domin io DH y no de alguno de sus otros domin io s . 
Duran te el proce so de espor u la c ión es probab le que 
Rgf2 p tamb ién esté activ and o a Rho1p para llev a r a 
cabo su funció n sobr e la sínte s is de la pared de la 
espo r a , pero por desg r a c ia esto no se ha podid o 
demo s tr a r expe r imen ta l men te debido a prob le ma s 
técnicos.   
3 . GEFs de Rho1p  
 
Ademá s de Rgf1p y Rgf2p , existe otra proteín a 
identi f i c a d a anteri o r men t e como GEF de Rho1p, 
deno min a d a Rgf3 p (Morrell- F a lv e y et al., 2005; 
Mutoh et al., 2005; Tajadura et al., 2004). La 
existen c i a de tres factore s GEFs diferen te s para una 
mis ma GTPasa pued e parecer sorprendente, pero es un 
fenó men o frecu e n te . En huma n os se han iden tif ic a do 
22 GTPasas perten ecientes a la familia Rho y 69 
prote ín a s con un domin io DH (Ros s ma n et al., 2005 a ).  
Una posible explicación para esto es que los distinto s 
RhoG E F s podr ían estar deter min a n d o la espec if ic id ad 
de la GTPas a para activ ar unos efecto r e s u otro s . Esto 
lo realizarían gracias a su capacidad de unión a 
dife r en te s prote ín a s y de reclu ta mien to de la GTPas a 
en distin to s lugar e s de la célu la , o en difer en tes 
mo men to s de su ciclo de vida (Sch mid t and Hall, 
2002 ). En S. pombe ya existen ejemp lo s de este 
mecanis mo de acción, como en el caso de los GEFs 
Ste6 p y Efc25p , que actú an reg u lan do diferen cialmen te 
dos rutas de señaliza c i ó n , modulan d o a Ras1 p para que 
se una a deter min ad o s efecto r es (Pap adak i et al., 
2002 ). 
 
A lo largo de esta me mo r ia , hemo s descr ito en 
varias ocasiones una forma de actuación similar a esta 
para los activ ad or es de Rho1p . Hemo s demo str ad o que 
Rgf1 p y Rgf2p son cap aces de activar a Rho1p, al 
igua l que se había visto anter ior men te con Rgf3p 
(Taj adu r a et al., 200 4) . Sin embar g o , las funcion e s de 
estas tres pro teín as son muy distin tas. Sólo Rgf1 p y 
Rgf2 p son parcial men te intercamb iab les, pero su 
patró n de exp resió n es muy difer en te. Rgf1p se expr esa 
mayo r itar ia me n te dura n te el crec imie n to vege tativ o , de 
forma constante, mientras que Rgf2p, se induce 
duran te el proce s o de espo ru la c ió n y en vegetativo 
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tiene una expresión basal. Es to en la práctica, hace que 
la presen c ia de una de ellas en ausen c ia de la otra, sea 
capaz de evitar la muerte de las células, pero no evita 
que pres en ten grav e s defe c tos .  
 
Aunqu e estas tres prote ín as , Rgf1p , Rgf2 p y 
Rgf3p actú en como GEFs de Rho1p , cada una de ellas 
es impo r tan te para un proc e s o distin to. Rgf3p es 
esen cial para la viab ilid ad celu lar porqu e particip a en 
un mo men to crítico , la div isió n. Cuando se rep r ime la 
expr esión de rgf3 +  las células se lisan en parejas, 
prob a b lemen te a nivel del septo (Morr e ll- Falv e y et al., 
2005 ; Taj ad ura et al., 200 4). Rgf3 p se exp r esa justo 
antes de la separación celular y se localiza 
exclusiv amente en el septo, mientras que Rho1p y 
Rgf1 p tamb ié n se pued e n observ a r en los polo s de 
crecimiento (Arellano et al., 1997; Tajadura et al., 
2004). Las diferencias en la localización y expresió n 
de Rgf3p y Rgf1p podr ían ser las resp on sables de que 
cada una de ellas active a Rho1p en momentos y 
procesos diferentes. Rgf 1p parec e ser más impor t a n t e 
en los polos celulares , especialmen te en el 
man ten imien to de la integridad y en la tran sición del 
crecimiento monopolar a bipolar . rgf3 +  es un gen 
esenci a l mientr a s que rgf1 +  no lo es, sin emba r g o es 
muy posib le que la prote ín a Rgf1 p sea la encarg ad a de 
la activación de la mayor parte del Rho1p presente en 
la célula. En un mutante de rgf3 +  ( ehs2-1 ) apen as hay 
dismin u ció n en la can tid ad de Rho1 p activ o con 
resp ecto a una cep a silv estr e, por el con tr ar io en un 
mutan te rgf1Δ los nive les de Rho1 p activ o son 
mínimo s; (Tajad ura et al.,  2004 ) y esta me mo r ia.  
 
La proteína Rgf2p por su parte, parece estar 
activ a n do a Rho1p duran te la forma c ió n de la pared de 
la espora. Es lógico que sea ésta la proteína encargad a 
de activ ar a Rho1p duran te este mo men to del ciclo de 
vida de S. pombe, ya que es la única de las tres cuya 
expresión aumenta de forma muy significativa durante 
la espo ru lación. Rgf2 p ademá s pod r ía estar activ an do a 
Rho1p de forma basal supla n tando en parte las 
funcion e s de Rgf1 p, de esta forma se explic a r ía por 
qué las célu las presen tan una viab ilid ad del 50% 
cuando carecen de rgf1 +  y son invia b les en ausen c ia de 
ambo s gene s. Ademá s , la letalid a d de este doble 
mutan te no se corr ig e en pr esencia de un estabilizador 
osmó tico , al igual que le ocurr e a la cepa con una 
expr e s ión dismin u id a de rho1 + , lo cual podr ía ind icar 
que en ausencia de Rgf1p y Rgf2p los niveles de 
Rho1p activo son tan baj os que no permiten a la célu la 
sobrev iv ir (Arellan o et al., 199 7). 
 
En resu men , existen tres GEFs que activ an a 
Rho1p en S. pombe , los tres presen tan una estructura y 
distr ibu c ión de domin io s similar , pero cada uno de 
ello s particip a en un proc e so difer en te . Estas 
dife r en c ias pod r ían explic a r se como cons ecu e n c ia de 
su distint o patrón de expresi ó n y/o localiz a c i ó n en la 
célula, que condicionaría a su vez la activación 
espa c io- temp o r a l de Rho1p .    
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• L a prote í n a Rgf1p es un activ a d o r posit i v o de la GTPas a Rho1p . 
 
 
• E s t a proteí n a es neces a r i a para el mante n i mi e n t o de la integr i d a d celula r y para el est abl e c i mi e n t o 
del creci mi e n t o bipola r .  
 
 
• L a locali z a c i ó n de varios factor e s de polarid a d en  el polo nuevo, depend e de la presen c i a de Rgf1p 
en las células. 
 
 
• R g f 1 p es una proteí n a perten e c i e n t e a la casc a d a de seña l i z a c i ó n de MAPK de Pmk1 p y es 
necesa r i a par a trasmi t i r la señal en respu e s t a a cambi o s en la os mo l ar i d a d y a daño en la pared 
celula r . 
 
 
• L a prot e í n a Rgf2 p es un GEF de Rho1 p esen c i a l para  la madura c i ó n de la pared de la espora en S. 
pombe. 
 
 
• D u r a n t e el creci m i e n t o veget a t i v o , Rgf1p y Rgf2p comp ar t en una funció n esenci a l en el 
mante n i mi e n t o de la integ r id a d celu l a r . 
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